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ABSTRACT 
 Landscapes dominated by agriculture offer little vegetative heterogeneity and are 
frequently disturbed by farming practices.  In Iowa, 72% of the land is devoted to the 
production of corn (Zea mays L.) and soybean (Glycine max L.), neither of which require 
animal-mediated pollination, thus provide few resources for pollinators.  An approach to 
mitigating the negative impacts of highly intensive agricultural practices on the 
surrounding landscape is the implementation of Conservation Reserve Program (CRP) 
contour buffer and filter strips within agricultural fields.  This study assessed the impact 
of such strips with varying plant diversities on the local native bee communities.  Surveys 
of bee communities were conducted at eleven sites throughout Iowa using traps (bowl, 
blue vane, and emergence) and netting techniques.  Vegetation surveys were also 
conducted to determine blooming floral diversity within the strips at each site.  After five 
years of surveys, we found statistically significant relationships between native bee 
abundance and floral coverage within the strips as well as between bee species richness 
and floral species richness. Additionally, in the third year of the study, we established 
experimental plots of bare ground within flight distance of the strips to serve as potential 
nesting habitat for ground-nesting bees.  In subsequent evaluations of these plots, we 
collected 330 individual bees representing 30 species.  Based on these results, it is clear 
that contour buffer and filter strips with greater blooming floral diversity have the 
potential to offer quality forage and establishing bare soil plots increases nesting resource 
availability, ultimately supporting bee communities of greater diversity than areas lacking 
these essential habitat components. 
 Furthermore, we wanted to address the floral species included in seed mixes 
intended to support bees.  Using a targeted-sweeping method, in which a bee was 
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collected from a known flower and stored individually, we collected 610 bees 
representing 58 species and identified the pollen carried by each bee.  A total of 63 pollen 
species were identified despite bees being collected from only 31 floral species.  From 
these data, we were able to create networks relating bee species and the floral species 
from which each bee was collected as well as the bee species and the carried pollen 
species.  The interactions between bees, pollen, and flowers revealed that the following 
floral species were utilized by the greatest number of bees and bee species:  Asclepias 
syriaca L., Erigeron annuus L., Heliopsis helianthoides L., Monarda fistulosa L., 
Ratibida pinnata Ventenat, Rudbeckia hirta L., Silphium perfoliatum L., Solidago 
canadensis L., and Zizia aurea L.  The methodology employed in this study can be 
applied to additional ecotypes and regions to determine which floral species support the 
most diverse bee community and should be included in seed mixes designed to do so. 
 In these studies, we have provided several strategies to provide or improve habitat 
for native bees within agricultural systems.  Establishing contour buffer and filter strips, 
providing bare soil areas for ground-nesting bees, and including appropriate floral species 
in seed mixes are methods that can be used to lessen the effects of agricultural practices 
on the landscape while simultaneously increasing biodiversity in a heavily altered region. 
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CHAPTER 1.  GENERAL INTRODUCTION 
 
Background 
 Losses of natural and semi-natural area due to intensive agricultural practices are 
increasing in both rate and scale worldwide.  Iowa, located in the Midwestern U.S., is the 
epitome of this phenomenon with over 72% of the land in the state being devoted to crop 
production (USDA NASS, 2012), predominately producing two crops – corn (Zea mays 
L.) and soybean (Glycine max L.), where over 85% of the landscape was once covered in 
diverse native tallgrass prairie vegetation (Smith, 1998).  Despite there being many 
strategies to mitigate the impact agricultural practices have on the landscape, such as no-
till farming, planting cover crops, or rotating crops, the biggest problems for wildlife 
remain:  habitat fragmentation and decreased habitat quality/availability. 
 Of particular concern worldwide is the effect intensive agriculture has on 
biodiversity for both native flora and fauna as well as the ecosystem services provided.  
Losses in biodiversity can be seen in the number and abundance of native plant species 
on the landscape as well as several animal groups, such as birds, mammal predators, and 
insects.  Pollination, an ecosystem service valued at over $189 billion (Gallai et al., 
2008), is a service necessary for improving production, seed set, and quality for many of 
the world’s crops (Klein et al., 2007).  Because the majority of crops require animal-
mediated pollination, most of which is provided by bees (Hymenoptera: Apoidea), bees 
are considered the most important pollinating taxon.  While there are many factors 
contributing to the decline of native bee populations, such as insecticide usage, 
pathogens, and climate change, habitat destruction is arguably the most detrimental.  
Habitat loss and fragmentation often results in reduced quality of remaining habitat and 
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increased distance between fragments, leading to foraging and dispersal difficulties for 
bees. 
 Much attention has been given to the decline of the European honeybee, Apis 
mellifera L., in the recent past.  Due to heavy reliance on A. mellifera for production of 
almonds, cherries, apples, melons, and blueberries, this attention is not without warrant.  
However, dependence on a single species to provide a service as important and extensive 
as pollination is accompanied by a high level of risk.  Indeed, A. mellifera is prone to 
parasitism by Varroa mites (Varroa destructor Anderson & Trueman), parasites which 
can weaken A. mellifera through consuming body fat and often transmit pathogens to 
adult bees and larvae.  Additionally, due to the wide variety of floral morphologies and 
phenologies, A. mellifera is often not the most efficient pollinator of a particular plant or 
crop.  Declines in A. mellifera in the face of ever-increasing demands for pollination have 
caused the importance of native bees to be recognized. 
 Given the vast diversity of bees, with 20,000+ species identified worldwide, it is 
expected that floral resource requirements would vary greatly among bee species.  Some 
bee species are largely catholic in their feeding preferences and are characterized as 
polylectic with the ability to switch floral hosts in the event one plant species becomes 
scarce or blooming ceases (Cane, 2001).  Such is not the case with oligolectic species, 
referring to species specializing on a single floral genus or species; if their floral host 
declines in number or perhaps the bee emergence time and bloom period are mismatched, 
these species cannot alter their host (Robertson, 1925).  Bees that are long-lived or are 
multivoltine, meaning species that produce more than two broods per year, experience 
foraging needs that outlast the length of one floral host’s blooming period (Robertson, 
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1925).  These bee species require not only one appropriate plant species to meet their 
needs, but a succession of suitable plants in bloom.  The two most abundant plants in 
Iowa, corn and soybean, do provide some forage for bees, although the pollen and nectar 
provided are in negligibly small amounts, are typically nutrient poor, and the blooming 
period is brief (Blaauw and Isaacs, 2014; Standifer, 1967).  A wide variety and 
succession of forbs is necessary to ensure that the foraging requirements of the bee 
community are met (Haaland et al., 2011).  Intensive agriculture paired with the resulting 
habitat fragmentation can impose negative effects on all bees, honey bees and native bees 
alike, particularly when considering the specificity that can arise in plant-pollinator 
interactions (Cane, 2001; Kim et al., 2006; Hirsh et al., 2013). 
 Floral resources are an important factor to consider when assessing native bee 
habitat, but an equally important, yet often overlooked, aspect of bee habitat is that of 
suitable nesting and overwintering sites (Cane, 1991; Svensson et al., 2000).  There are 
bee species that nest in twigs, stems, holes in trees, or even rocks (Custer, 1928), yet the 
most common substrate in which bees nest is soil (Cane, 1991).  Identifying the nesting 
habits of bees is crucial to being able to provide the appropriate conditions and, perhaps 
more importantly, to recognize when those conditions are absent.  The nesting conditions 
most commonly preferred by fossorial bees are bare ground that is unoccupied by dense 
vegetation, well-drained, and relatively well-compacted to be free of cracks or fissures 
(Cane, 2001, Sardiñas and Kremen, 2014).  Loams are the predominant soil type 
previously documented among solitary bee nest sites (Cane, 1991), which are composed 
of approximately 40-40-20% proportions of sand, silt, and clay respectively (Kaufmann 
and Cleveland, 2008).   
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 With the intensification of agricultural practices and the resulting monocultures 
dominating the landscapes, locations providing both floral resources and appropriate 
nesting sites have become scarce and widely separated across the landscape.  Both floral 
resources and nesting sites must occur within the maximum flight range of the bees lest 
they become locally extinct (Bennett et al., 2014).  Foraging distance has been shown to 
increase with body size (Greenleaf et al., 2007), though body size is not directly 
proportional to maximum flight distance.  Large-bodied bees are able to fly greater 
distances between their nest site and potential foraging areas.  For example, Bombus 
terrestris L. (found commonly in Europe with a small presence in North America) was 
determined to routinely forage at least one and up to five kilometers away from their 
colonies (Osborne et al., 2008).  At the other end of the spectrum, smaller-bodied bees 
are unable to fly distances of the same magnitude as the large-bodied bees, typically 
being limited to 150 to 600 meters (Gathmann and Tscharntke, 2002).  The average 
foraging ranges are typically 300 meters for smaller-bodied bees and 2,000 meters for 
larger-bodied bees (Sardiñas and Kremen, 2014).  Bridging the distance between floral 
resources and nesting locations can prove to be impossible not only for small-bodied bees 
but large-bodied bees as well when in less than ideal habitats.  In addition, oligolectic bee 
species have been shown to travel distances similar to those of polylectic bee species, 
demonstrating that flight distance is the limiting factor of foraging ranges rather than 
floral resource availability (Gathmann and Tscharntke, 2002).  Considering the limited 
distances bees can cover, maintaining proper nesting sites and appropriate floral 
resources within flight range is of the utmost importance, particularly in agricultural 
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areas.  If the requirements are not met, losses in biodiversity and local extinction can and 
will occur (Cane, 2001; Gathmann and Tscharntke, 2002). 
 In an effort to ameliorate the effects of increasingly intensified agricultural 
landscapes observed throughout the Midwestern U.S., conservation practices aimed 
toward agriculture have been implemented.  The United States Department of Agriculture 
(USDA) Natural Resources Conservation Service (NRCS) Conservation Reserve 
Program (CRP) pays an annual fee to farmers in exchange for the conversion of land in 
crop production to land supporting native species with the intention of improving 
environmental quality (USDA FSA, 2015).  A commonly used CRP practice is the 
incorporation of contour buffer strips into rowcropped fields, as relatively narrow bands 
of non-crop perennial vegetation, most commonly non-native grass (USDA NRCS, 
2011).  Filter strips, a second CRP practice, incorporates perennial vegetation at the 
footslope of crop fields.  These conservation practices have dual goals and outcomes.  
The overarching goal of the CRP is soil and water conservation:  reducing the loss of 
sediment and water from the landscape while also improving water quality.  The goal of 
the farmer or landowner adopting these practices is typically to reduce soil erosion by 
trapping sediment and slowing surface-water runoff from the field while also possibly 
providing habitat for wildlife (USDA NRCS, 2011).  The similarities are such that both 
practices offer benefits to the environment and the farmer or landowner together.  The 
placement of contour buffer and filter strips in a field not only has the potential to 
conserve soil and water but can reduce farmer input costs by way of reducing area over 
which fertilizers and pesticides are applied in addition to retaining nutrients in the field 
while simultaneously providing invaluable wildlife habitat. 
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 Recent studies have reported disproportionate benefits of the incorporation of 
native tallgrass prairie vegetation in contour buffer and filter strips in rowcropped 
watersheds at Neal Smith National Wildlife Refuge located in Jasper County, Iowa.  In 
watersheds with as little as 10% of the rowcropped field planted to native vegetation, 
there was found to be a 44% reduction in water runoff, over 80% reduction in both 
nitrogen and phosphorus movement out of the field, and a 95% reduction in soil loss (Liu 
et al., 2008).  Other studies have determined seed set, fruit weight, and, ultimately, crop 
yield increased with the addition of wildflowers adjacent to an agricultural field (Blaauw 
and Isaacs, 2014).  The benefits of this practice were found to be highly disproportionate 
to the amount of land taken out of production. 
 Improvements in biodiversity within flora and fauna have also been found to 
occur with the addition of prairie strips.  Conversion of 10% and 20% cropland to prairie 
strips increased plant species richness by 240%, with an increase of 480% in native 
species richness (Liebman et al., 2013).  In terms of wildlife, significantly greater bird 
species richness was recorded as well as greater insect predator abundance (particularly 
soybean aphids) within the prairie strips when compared to the rowcropped portions of 
fields (Liebman et al, 2013; Hirsh et al., 2013; Schulte et al., 2016).  Additionally, native 
bee species richness in prairie strips was found to equal that of nearby large tracts of 
reconstructed tallgrass prairie (Harris, unpublished data).  Further studies have shown 
that wild bee species richness as well as species composition increases with increased 
habitat availability.  In addition to providing habitat for more individual bees, increased 
habitat area has the ability to retain smaller-bodied or more specialized bee species as 
well as larger-bodied or polylectic bee species (Bommarco et al., 2010). 
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 A recent study assessing contour buffer and filter strips with native tallgrass 
prairie vegetation as habitat for native bees found a significantly positive relationship 
between plant diversity, bare ground availability, and native bee diversity (Moorhouse, 
2016).  It may be possible that by enhancing potential bee habitat by increasing the area 
with bare ground in sufficiently close proximity to contour buffer and filter strips would 
allow a richer bee community to be supported.  Providing appropriate nesting conditions 
for native bees in addition to adequate forage within agricultural fields can potentially 
improve native bee biodiversity, lessen the pollination pressure placed on honey bees, 
and decrease the effects of habitat fragmentation in the region while simultaneously 
increasing the ecosystem service of pollination to crops. 
 
Hypotheses 
 The hypotheses driving these studies are broadly focused on exploring strategies 
to improve native bee habitat within agricultural landscapes.  Specifically, we predict 
that: 
1) Greater blooming forb coverage within contour buffer and filter strips will result 
in greater bee abundance; 
2) More bee species will be collected in strips with greater blooming forb species 
richness; 
3) Increased undisturbed bare ground availability will provide nesting habitat, thus 
greater bee abundance will result; 
4) Bees will preferentially visit certain floral species over others. 
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Objectives 
 In order to address the hypotheses described above, we determined the following 
objectives: 
1) Survey the bee community within contour buffer and filter strips of varying 
vegetation mixes under CRP contract; 
2) Assess floral resource availability and diversity and estimate bare ground 
coverage within the strips throughout the growing season; 
3) Determine bee-plant interaction networks based on both floral visitation by bees 
and pollen identified from bee specimens. 
 
Thesis Organization 
 This thesis follows the journal paper format associated with each chapter.  A 
general introduction is provided in Chapter 1, with Chapters 2 and 3 discussing each 
study in detail.  Chapter 2 addresses contour buffer and filter strips of varying diversities 
as habitat for native bees as well as the implementation of nesting substrate for ground-
nesting bees.  Chapter 3 explores plant-bee interactions in order to provide management 
recommendations for seed mixes designed to support bees.  The authors listed in 
Chapters 2 and 3 each contributed to the experimental design, statistical analysis, and 
writing of each manuscript.  Finally, Chapter 4 summarizes the general conclusions from 
Chapters 2 and 3. 
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CHAPTER 2.  PROVISIONING NESTING SUBSTRATE AND FLORALLY 
DIVERSE CONTOUR BUFFER AND FITLER STRIPS ARE BOTH PRACTICES 
SHOWN TO IMPROVE NATIVE BEE (HYMENOPTERA: APOIDEA) HABITAT 
IN AGROECOSYSTEMS 
 
Modified from a paper to be submitted to Agriculture, Ecosystems, and Environment 
Morgan M. Mackert1, Amy L. Moorhouse1, and Mary A. Harris2 
1Department of Ecology, Evolution, and Organismal Biology, Iowa State University, 
Ames, IA 50011; 
2Department of Natural Resource Ecology and Management, Iowa State University, 
Ames, IA 50011 
 
Abstract 
 Intensive agricultural practices have contributed to the loss of valuable habitat for 
wildlife.  Of particular concern are the native bee communities in Iowa, where 72% of the 
landscape is in monocultured crop fields producing corn and soybean.  Bees require 
pollen and nectar as food sources as well as nesting resources, both of which are often 
lacking in crop fields.  A conservation practice designed by the USDA NRCS 
Conservation Reserve Program is the implementation of contour buffer and filter strips.  
Such strips are intended to prevent erosion and water runoff, but we predicted that the 
strips could simultaneously act as habitat for native bees, particularly strips of high floral 
diversity.  First, we employed several sampling methods to collect bees within strips of 
varying vegetation diversities while also estimating floral resource availability.  
Following five years of monitoring, in which 15,094 individual bees were collected, we 
found highly significant relationships between floral coverage and bee abundance as well 
as floral species richness and bee species richness, suggesting that strips of greater floral 
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diversity support more diverse bee communities.  Second, in the third year of the study, 
we established plots of bare soil within bee flight distance of the strips to provide habitat 
for ground-nesting bees.  Assessments of the plots for bee activity over two subsequent 
years revealed increasing usage:  115 bees among 19 species were collected in 2017, and 
215 bees representing 25 species were collected in 2018.  The results of this study 
demonstrate the importance of providing both floral resources and nesting resources for 
native bees.  Providing such resources is particularly important in areas where they are 
notably absent, such as in areas with intensive agricultural practices. 
 
Introduction 
 Declining populations of bees and their pollination services have been observed 
worldwide (Biesmeijer et al., 2006; Nemésio, 2013; Lee et al., 2015), due in large part to 
intensive agricultural practices and the resulting decrease in landscape heterogeneity 
(Kremen and Ricketts, 2000; Biesmeijer et al., 2006, Kremen et al., 2002).  Of particular 
concern is the widespread loss of native grasslands, especially the tallgrass prairies of the 
Midwestern United States.  This ecotype has been deemed “critically endangered” as a 
result of more than 50% of the natural flora having been converted to other vegetation 
types (Hoekstra and Ricketts, 2005).  In Iowa, tallgrass prairie covered approximately 
85% of the landscape in the mid-1800’s but by the early 1990s accounted for less than 
0.1% of the landscape (Smith, 1998).  Based on the documented loss of natural and semi-
natural landscapes to agriculture, there have been great losses of both vegetative 
heterogeneity and associated biodiversity overall. 
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 The vast majority of Iowa’s landscape is covered by intensive agricultural 
production in which disturbance is frequent and extensive and crop diversity low, 
producing only two annual crops, corn (Zea mays L.) and soybean (Glycine max L.) 
(USDA NASS, 2018).  While these plants do offer some forage for bees, the pollen and 
nectar available are in negligibly small amounts, are typically nutrient poor, and the 
blooming period is brief (Hanway and Thompson, 1967; Liolios et al., 2015).  Providing 
season-long floral resources in areas dominated by these crops is of paramount 
importance to native bee persistence.  Intensive agriculture, resulting in a depauperate, 
nutrient-poor floral resource community, can impose negative effects on bees, 
particularly when considering the specificity that can exist in plant-pollinator interactions 
(Cane, 2001; Blake et al., 2012). 
 Floral resources are an important factor to consider when assessing native bee 
habitat, however, an equally important yet often overlooked component of their habitat 
requirements is that of suitable nesting and overwintering sites (Cane, 1991; Svensson et 
al., 2000).  Of the 300+ bee species persisting in Iowa, approximately 80% nest in the 
ground (Harris and Hendrix, unpublished data).  Furthermore, the majority of ground-
nesting bee species require bare, undisturbed areas of soil which are scarce in agricultural 
systems.  The remaining ~20% of Iowa bee species utilize a variety of nesting resources, 
from excavating pithy stems to parasitizing host nests, all of which can be classified into 
nesting guilds as described by Sheffield et al. (2013a).  Bee species can only persist in 
areas where their required nesting materials occur, and a consideration of the nesting 
habits of the bee community as a whole is crucial to the provision of habitat requirements 
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and, perhaps more importantly, recognizing when those components of the habitat are 
absent. 
 Utilization of marginal land or land not conducive to farming practices has been 
examined to address habitat loss imparted by intensive agriculture.  Field-edge hedgerow 
restorations in California, U.S., originally designed to augment natural enemy insect 
communities, have been shown to support abundant and diverse pollinator populations 
even in intensively managed agricultural systems (Morandin and Kremen, 2013).  
Similarly, the establishment of wildflower plantings on marginal land near blueberry crop 
fields in Michigan, U.S. provided floral resources supporting native bees throughout the 
growing season while simultaneously enhancing crop pollination (Blaauw and Isaacs, 
2014).  These studies demonstrate the importance of providing resources able support a 
diversity of native bees within areas relying heavily on pollination services, namely 
agricultural fields. 
 The United States Department of Agriculture (USDA) Natural Resource 
Conservation Service (NRCS) has developed the Conservation Reserve Program (CRP) 
in an effort to ameliorate the effects of increasingly intensified agricultural landscapes.  
The NRCS works with farmers to develop a management plan for a CRP agreement in 
which the Farm Service (FSA) pays an annual “rental” fee to farmers who convert land in 
crop production to other vegetation with the intention of improving environmental quality 
(USDA FSA, 2016).  A commonly used CRP practice is the incorporation of contour 
buffer strips within row-cropped fields, as relatively narrow bands of non-crop perennial 
vegetation, consisting most often of non-native, cool-season grass or mixtures of native 
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grasses and flowering forbs (NRCS, 2011).  Similar vegetation is used in filter strips, 
which are located at the footslope of fields. 
 Several studies have shown contour buffer and filter strips to provide multiple 
benefits to the landowner, such as increasing retention of sediment, water, and nutrients 
in fields (Zhou et al., 2010 Helmers et al., 2012).  In addition, there is great potential for 
these vegetative strips to act has habitat for many taxa, including birds (Best, 2000; 
Schulte et al., 2016), small mammals (Snyder and Best, 1988), predatory arthropods 
(Kemp and Barrett, 1989), and predatory mammals (Phillips et al., 2004).  However, few 
studies have explored the bee community supported by habitat created by implementation 
of contour buffer and/or filter strips within agricultural systems. 
 The evaluation of contour buffer and filter strips composed of varying vegetation 
mixes as habitat for native bees was the objective of the two-year study initiated in 2014. 
We predicted that: (1) native bee abundance would increase with increasing blooming 
forb coverage, and (2) as blooming forb species richness increased, so then would bee 
species richness. We were able to extend the initial study, adding three years of plant and 
bee sampling (five years total) while also testing the effects of experimentally increasing 
local bare ground availability.  We then predicted that (3) increasing bare ground 
availability would result in greater bee abundance and species richness.   
 
Materials and Methods 
Study Sites 
 In this study, we utilized eleven sites in Iowa under CRP contract with either 
contour buffer (nine sites) or filter strips (two sites) of varying plant diversity.  Three 
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sites were located in Jasper County:  two privately owned farms and one at the Neal 
Smith National Wildlife Refuge (NSNWR).  The remaining sites were located on 
privately owned farms in Buchanan, Carroll, Clayton, Dallas, Grundy, Guthrie, and Story 
Counties.  Sites were chosen to assemble a gradient of vegetation diversities, ranging 
from a monoculture of smooth brome grass (Bromus inermis Leyss) to a highly diverse 
plant community with as many as twenty forb species.  The two sites in closest proximity 
(6 and 7) were separated by 8.4 km, which is well beyond the known flight distances of 
native bees, thus ensuring that each site was independent of any other site (Greenleaf and 
Kremen, 2006; Osborne et al., 2008; Zurbuchen et al., 2010). At the initiation of this 
study in 2014, the strips ranged in age since installment from two to more than twenty 
years (Table S1). 
 The Carroll County site used in 2014 was removed from the study by the 
landowner following the final 2014 survey, at which time we identified a site in adjacent 
Greene County as a suitable replacement by verifying that vegetation communities within 
the strips were comparable using multi-response permutation procedures (MRPP) with 
Bray-Curtiss dissimilarity measures (vegan package, Oksanen et al., 2018).  We used a 
MRPP analysis to compare differences between these two sites as it is non-parametric, 
does not require distribution assumptions, and thus appropriate for community data such 
as ours (McCune and Grace, 2002).  In 2016, we removed the NSNWR (no. 7) and 
Clayton County (no. 3) sites due to the difference in their surrounding landscapes in 
comparison to the other study sites.  We used ArcGIS 10.4 in conjunction with 
CropScape (USDA, 2015) to determine the proportions of land cover types within a 
three-kilometer radius from the study strip at each site.  The cover types included in this 
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analysis were alfalfa, corn, developed land, forest, grass/pasture, soybean, and undefined, 
with undefined containing all other land cover categories. To inform our decision to 
remove the two sites from further study, we used a principal component analysis (PCA) 
to determine that landscape diversity varied among sites with sites 3 and 7 greatly 
separated from all others (Figure 1) (stats package, R Core Team, 2018).  Therefore, from 
2016 through 2018, eight sites were included in the study. 
 
Bee Habitat Evaluation 
 We assessed floral resource and bare ground availability within each study strip at 
each site, as these are often considered the limiting resources in bee habitat (USDA, 
2007).  We estimated the coverage of each forb species in bloom (including native prairie 
and exotic species) and bare ground coverage within ten 1-m2 quadrats at approximately 
five-meter intervals along the 60-m transect.  Coverage values were estimated as the 
percentage out of 100% that bare ground or a blooming forb species covered within each 
quadrat.  By totaling the blooming forb cover measured among the ten quadrats, we were 
able to estimate blooming forb cover for each site during each sampling event.  In 
addition to measuring blooming forb cover, we summed the total number of blooming 
forb and exotic species for each site among all sampling events and years in order to 
determine the overall floral species richness.  To estimate the total area of each study 
strip, the length and width was measured using ArcGIS 10.4 (ESRI, 2016). 
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Bee Sampling and Identification 
 We sampled bees on sunny days when ambient temperatures were above 12.8°C 
and winds below 24 kph, as these conditions are most conducive to bee activity (Droege 
et al., 2016).  In order to thoroughly sample the bee communities in the strips, we used 
pan, blue-vane, and emergence traps as well as non-targeted and targeted sweeping.  
Standardized pan trapping consisted of 103.5 mL (3.5 ounce) white plastic Solo® cups 
(Droege et al., 2010; Roulston et al., 2007) with a total of 12 cups (four unpainted, four 
painted a standardized fluorescent blue, and four painted fluorescent yellow; Guerra 
Paint®).  We placed the pan traps at vegetation height in random color order 
approximately every five meters along the 60-m transect with SpringStar® blue vane 
traps placed at either end of the transect.  Both pan and blue vane traps were partially 
filled with a weak detergent solution (Dawn®) and remained deployed for six hours.  We 
transferred trapped bees to 70% ethanol and returned them to the lab for standardized 
specimen preparation (Droege, 2009) and identification (Michener et al., 1994; Arduser, 
2015; Ascher and Pickering, 2018).  Species in the Lasioglossum (Dialictus) subgenus 
are notoriously difficult to identify as evidenced by Gibbs (2010) stating that “Dialictus 
remain one of the greatest challenges in bee taxonomy.”  Due to the difficulty of 
identifying species within this subgenus, we grouped all Lasioglossum (Dialictus) 
specimens into a single taxon (LeBuhn et al., 2003), thus our species richness estimates 
can be considered conservative. 
 We also affixed two 1-m2 emergence traps to the ground within each contour or 
filter strip along the 60-m transects in areas of bare ground among standing vegetation 
(Sardiñas and Kremen, 2014).  Emergence traps were constructed with white polyester 
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mosquito netting (H. Christiansen Co.) in a pyramid with a 946-mL plastic screw top 
bottle, modified with an inverted funnel bottom, at the pyramid apex.  Insects emerging 
from the soil climbed the netting and passed through the inverted funnel to be preserved 
in propylene glycol (Prestone® Lowtox Antifreeze), with trap contents collected each 
month throughout the season.  In 2014, we installed the traps in late May, in 2015 and 
2016 in early May, and in 2017 and 2018 in late April, where they remained each season 
until late August. 
 In addition to the passive collection methods, we used two active sweeping 
methods to collect bees in the strips.  In targeted sweeping, we located and captured 
individual bees visiting flowers, whereas in non-targeted sweeping we randomly swept 
vegetation at a uniform rate and pace.  We employed each sweeping method separately 
along the transect for 12 minutes (six minutes per 30 meters), conducted twice by two 
different sweepers to limit sampling bias, for a total of 48 minutes of sweeping per 
transect. 
 
Bare Soil Nesting Plots 
 In 2016, we worked closely with land managers at each study site to identify 
locations near the strips at which two 50-m2 bee nesting plots could be established 
without impeding agricultural practices.  Soil type (USDA NRCS Web Soil Survey), 
slope, and relative elevation were evaluated for each plot as these characteristics have 
been shown to be important in nesting site selection of ground-nesting bees (Potts and 
Willmer, 1997; Sardiñas and Kremen, 2014).  Vegetation (most often smooth brome) 
covering plot locations was removed manually and by multiple applications of the 
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herbicide glyphosate (Roundup® Extended Control).  Next, the plots were tilled, the root 
systems removed and the soil lightly compacted.  Each established nesting plot was 
maintained throughout the remainder of the study via manual and chemical plant 
removal. 
 Ground-nesting bees have distinct preferences for soil composition in selecting 
their nest locations.  In an effort to better understand these preferences, we collected soil 
cores for composition analysis in October 2016.  At each of the eight sites in which 
nesting plots were established, ten soil cores to a depth of 90 cm were randomly collected 
from both plots.  The soil cores were divided into the following depth categories:  0-15 
cm, 15-30 cm, 30-60 cm, and 60-90 cm, and combined such that each plot was 
represented by four depth samples composed of ten cores each. Texture analyses by 
hydrometer were then conducted (Ward Laboratories, Inc., Kearney, Nebraska, USA). 
 To evaluate the nesting plots for usage by ground-nesting bees, we arrived at each 
site before dawn to ensure no bees had yet emerged.  We then carefully scanned each 
plot, looking for evidence of activity, such as tumuli or holes in the soil.  Upon locating 
such evidence, we promptly secured a 74 mL (2-oz) clear plastic cup over the hole or 
tumulus.  After six hours, we returned to the nesting plots to collect the cups and captured 
bees.  We then used the non-targeted sweeping method twice for one minute by two 
different sweepers to collect bees flying near the plot surface. 
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Data Analysis 
 Evaluation of bee collection methods 
 We used non-metric multidimensional scaling (NMDS) to compare the collection 
methods employed (vegan package, Oksanen et al., 2018).  The bee species collected in 
each trap type were plotted in two-dimensional space where species located close 
together were considered more similar than species further apart (k = 2, stress = 0.11).  
We then placed ellipses around the mean location of each collection method.  Similar to 
the bee species position, areas where ellipses overlap indicate similarity between two 
groups and ellipses without overlap or positioned far apart show differences in the 
groups.  We also used an analysis of variance (ANOVA) to test for statistical significance 
between the number of species collected in each trap type. 
 
 Bee abundance and richness 
 Bee abundance was calculated by summing the number of bees collected among 
all capture methods (blue vane, pan, and emergence traps; and targeted and non-targeted 
sweeping) for each sampling event at each site.  Similarly, we summed the number of bee 
species collected among all capture methods to determine species richness for each 
sampling event at each site (dplyr package, Wickham et al., 2017). 
 To compare bee species richness among sites, we utilized the Chao1 estimator 
(Chao, 1984; Chao and Chiu, 2016) and inverse Simpson’s diversity index (Simpson, 
1949; vegan package, Oksanen et al., 2018).  Unlike rarefaction, the Chao1 estimator, a 
non-parametric method, considers the collected number of rare species, represented by 
only one or two individuals, to estimate the total number of species likely present when 
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considering species accumulation.  Simpson’s diversity index is a unitless biodiversity 
measure that simultaneously considers the number of species that are present in a 
community as well as the evenness of individual species abundances.  We chose to use 
the inverse Simpson’s diversity index, as the inverse values are more intuitive; a larger 
number indicates greater overall diversity, and vice versa. 
 In order to test for differences in overall bee community composition among sites, 
we used a multi-response permutation procedure (MRPP) with Bray-Curtis dissimilarity 
measures which are appropriate for raw abundance data and used extensively in 
community ecology (Greenacre and Primicerio, 2013; vegan package, Oksanen et al., 
2018).  MRPP is an appropriate option for this analysis as it is non-parametric and useful 
in testing for differences between two or more groups (McCune and Grace, 2002).  For 
this test, we summed the number of individuals for each bee species collected at each site 
across all sampling dates.  
 
 Bee habitat evaluation 
 We used multiple regressions to assess relationships between site characteristics 
and bee diversity measures.  Each model included either floral abundance or floral 
species richness as the predictor variable with bee abundance or bee species richness as 
the response variable.  Random effects included in each model were site, date, and year 
with significance defined as p < 0.05 (lme4 package, Bates et al., 2015).  Models using 
bare ground availability as the predictor variable included only site as a random effect.  
All models were fit with a Poisson distribution, and best-fitting models were selected 
using the lowest Akaike information criterion (AIC). 
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 Bee guild analyses 
 Following Sheffield et al. (2013a), we placed individual bee species into one of 
seven guilds: (1) solitary ground-nesters; (2) social ground-nesters; (3) honey bees; (4) 
bumble bees; (5) cavity-nesters, including stem excavators; (6) cleptoparasites; (7) social 
parasites (Michener, 1955; Torchio et al., 1967; Mathewson, 1968; Rozen, 1983; 
Danforth, 1999; Pesenko et al., 2000; Jensen et al., 2007; Cane, 2008; Gibbs et al., 2014; 
Wilson and Carril, 2016; Gibbs, 2017; Shebl et al., 2017).  To examine guild 
representation within the bee community at each site, we summed all individuals in each 
guild collected at each site across all sampling events.  We used a MRPP with Bray-
Curtis (Sorensen) dissimilarity measures to determine whether the number of species in 
each guild was significantly different at each site (vegan package, Oksanen et al., 2018). 
 As presented by Sheffield et al. (2013a), cleptoparasitic bees can be used as 
indicator species to assess the status of bee communities.  We were interested in 
evaluating this claim and determining how well the presence of a cleptoparasitic species 
indicated the presence of its host(s), which we accomplished by applying a Pearson’s chi-
squared test to each cleptoparasite collected with the presence or absence of its host 
(Packard, 1870; Baker et al., 1985; Snelling, 1986; Rightmyer, 2006; Rightmyer, 2008; 
Habermannová et al., 2013; LeBuhn, 2013).  
 
 Bare soil nesting plots 
 To determine if there were significant differences in soil composition among bare 
ground plots, we used a Welch’s one-way ANOVA as the equal variance assumption in a 
classical one-way ANOVA was not met (stats package, R Core Team, 2018). 
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Specifically, we tested percentages of sand, silt, and clay, including all depth categories 
with the significance threshold set at p = 0.05.  
 All statistical analyses were performed in R 3.5.2 (R Core Team, 2018). 
 
Results 
Study Sites 
 For each study strip we quantified the following bee habitat characteristics:  
number of forb species in bloom, percentage of blooming floral cover by species, 
percentage of bare ground, strip width and length, and landscape cover types within a 
three-kilometer radius.  There was a range between 0.16 and 12.94% total coverage of 
blooming forbs within study strips when all floral resource assessments were combined 
(Table S1).  We also observed between 2 and 34 forb (native prairie and exotic) species 
in bloom by site among all floral surveys (Table S1, Table S2).  Estimated bare ground 
cover within the strips ranged from 0.40 to 29.02%. We determined the average strip 
width to be between 9.10 and 47.98 meters, with lengths ranging from 110.85 to 904.85 
meters and total area to be between 977 and 29,228 square meters (Table S1). 
 There was little variation in landscape cover types among the eight sites included 
in the study after 2015, with the majority of the landscape devoted to corn and/or soybean 
production.  Within the three-kilometer radius of each study strip, corn coverage ranged 
between 35 and 53%, with soybean coverage similarly high ranging from 20 to 45%. 
Together, these two crops covered between 58 and 88% of the surrounding landscape of 
each strip. 
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Evaluation of Bee Collection Methods  
 The NMDS plot displayed the bee trapping methods as having distinct differences 
in the bee species collected (Figure 2).  Pan traps and blue vane traps were as expected – 
spatially close with little overlap, indicating that although both traps rely on attraction, 
each trap collected different bee species. The lack of substantial overlap of the pan trap 
ellipse with any other is compelling, as often only pan trapping or sweeping are used as 
the single capture method employed in scientific studies due to their simplicity and cost 
effectiveness.  The ellipses surrounding each trap type, indicating one standard deviation 
about the centroid of each group, ranged in size.  The difference in ellipse size suggests 
that there are differences in variance between the number of species collected by each 
trap type.  These results suggest that single methods are unsuccessful in sampling the full 
range of a bee community and additional collection methods should be used.  There is 
also only a slight overlap between the non-targeted sweeping ellipse and targeted 
sweeping ellipse, indicating that there is a sharp distinction between the bee species 
collected in these two sweeping methods.  The ANOVA comparing the mean number of 
bee species collected in each trap type further supported this finding, revealing a 
statistically significant difference in the number of bee species per trap type (p < 0.001). 
 
Bee Abundance and Richness 
 A total of 15,094 bees were collected and identified over the five-year duration of 
this study (Table S3).  The majority of species collected, 112 of 171, were considered 
rare, in this study defined as being represented by ten or fewer individuals.  Among the 
rare species, 39 were collected only once, hereafter referred to as singletons (Table 1). 
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The three most common genera collected were all within the Halictidae family, with the 
greatest number of specimens belonging to the genus Lasioglossum (6,685 individuals), 
followed by Halictus (1,761 individuals), and then Agapostemon (1,460 individuals).  
The three most common species collected were Agapostemon virescens Fabricius (1,260 
individuals), Augochlorella aurata Smith (1,232 individuals), and Halictus ligatus Say 
(883 individuals). 
 To predict the “true” bee species richness at each site, we used the Chao1 
estimator which indicated between 20 and 38% of bee species within the study sites 
remained undetected (Table 1).  Another metric of diversity used, the inverse Simpson’s 
diversity index, revealed that sites varied between 3.06 and 8.46, with higher numbers 
indicating a higher level of bee species diversity.  Finally, the MRPP analysis identified a 
significant difference between the bee species communities existing among sites (p = 
0.001).  Together, these results suggest that there was much variation in the bee 
community composition present among study sites. 
 
Bee Habitat Evaluation 
 In order to evaluate bee community response to individual strip variables, we 
performed a series of regression analyses.  Regressing bee abundance against blooming 
forb cover revealed a statistically significant positive effect (p = 0.012, Figure 3a).  
Additionally, highly significant increases in bee species richness were shown as 
blooming forb cover increased (p < 0.001, Figure 3b) and as the number of blooming forb 
species increased (p < 0.001, Figure 3c).  Although there was a positive trend observed 
relating the number of blooming forb species to bee abundance, there was no statistical 
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significance (p = 0.142, Figure 3d).  The results from these analyses indicate both the 
abundance and diversity of floral resources influence the bee community occupying a 
particular area. 
 In 2014 and 2015, there was a strong positive relationship between bare ground 
availability and bee abundance derived from all collection methods (p = 0.037, Figure 
4a), though the strength of this relationship diminished after 2015 (p = 0.091, Figure 4b).  
The effect of bare ground availability on the number of bees collected only within the 
emergence traps in 2014 and 2015 was positive though not statistically significant (p = 
0.310, Figure 4c), a trend which continued through the remainder of the study (p = 0.357, 
Figure 4d).   
 
Bare Soil Nesting Plots 
 We collected 115 bees from the nesting plots identified among 19 species in 2017 
(Table S5).  In 2018, we collected 215 bees from the nesting plots – nearly twice as many 
as in the previous year – representing 25 species.  Lasioglossum (Dialictus) spp. was the 
most abundant group of bees collected (90 specimens) followed by Halictus confusus 
Smith (64 specimens) and Halictus ligatus Say (58 specimens).  Of note was the capture 
of 56 individuals of Calliopsis andreniformis Smith from the nesting plots. This species 
was collected only 12 times in all of the other capture methods throughout the duration of 
the study.  Considering the increased abundance of C. andreniformis in the nesting plots, 
it comes as no surprise that we also collected seven individuals of its cleptoparasite, 
Holcopasites calliopsidis Linsley, yet only one additional individual with any other 
capture method. 
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 The results of the texture analyses by hydrometer of all 64 soil samples (four 
depth samples for both plots at each of the eight sites) showed that the soil composition 
within each nesting plot was appropriate for nesting by the majority of the ground-nesting 
bee species present, as no soils contained a large proportion of clay (Figure 5) (Cane, 
1991). Welch’s one-way ANOVA revealed that the soil composition among nesting plots 
varied, with a significant difference between the percentages of sand and clay (p < 0.001, 
Figure 6).  Our results indicate that certain species preferred certain soil types such as 
Agapostemon virescens that was only collected from plots containing soils classified as 
sandy loams. There were additional species collected from only one soil type, however, 
these species’ abundances were too low to allow any inferences to be made (Table S5). 
 
Bee Guild Analyses 
 An important factor to consider when evaluating bee habitat is nesting 
characteristics among species, which can be classified into seven guilds.  Members of the 
following six guilds were found at all sites:  bumble bees (Bombus spp.), cavity nesters, 
cleptoparasites, honey bees, social ground-nesters, and solitary ground-nesters.  The 
seventh guild, social parasites, were rare with only one species, Bombus citrinus (Smith), 
collected as singletons at two sites (Table S6).  In conducting a MRPP, we found a 
significant difference in the number of species collected in each guild during each 
sampling event (p = 0.001).  
 A total of 28 cleptoparasitic bee species were collected as well as the social 
parasite.  A Pearson’s chi-squared test showed a strong relationship between the presence 
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of specific cleptoparasites and the presence of their respective host(s) (χ2 = 114.56, df = 
68, p = 0.001; Table S7).   
 
Discussion 
 We explored multiple environmental factors thought to influence the bee 
community occupying contour buffer and filter strips within agricultural fields, including 
floral resource cover, floral species richness, and bare ground cover.  We ultimately 
found that our hypotheses were supported in that each of these site variables had an effect  
on bee abundance, species richness, and diversity measures.  Our study suggests that 
strips composed of greater floral cover, increased floral species richness, and greater bare 
ground availability support a more diverse bee community. 
 Arguably, the most important habitat characteristic for bees is floral diversity.  
This claim is well supported by previous studies in which increased floral diversity was 
associated with increased pollinator diversity (Michener, 1979; O’Toole, 1993; Goulson, 
2003).  Of particular interest is the impact of floral diversity in areas of extreme 
disturbance, such as those where agricultural production predominates.  Morandin and 
Kremen (2013) observed greater diversity measures for native bees when evaluating 
agricultural field-edge native vegetation restorations than in unrestored edges.  Similarly, 
Carvell et al. (2011) discovered increased density and species richness of bumble bees 
collected from agricultural areas sown with nectar plants, and Blaauw and Isaacs (2014) 
found more wild bees in fields adjacent to wildflower plantings.  Furthermore, Garibaldi 
et al. (2011) showed that “isolation from diverse natural and semi-natural areas reduces 
both the stability and the mean levels of flower-visitor richness, visitation rate, and fruit 
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set in crop areas.”  The results of our study further underscore the importance of an 
abundant and diverse floral community in that we collected significantly more individual 
bees in strips with increased floral cover as well as more bee species in strips with greater 
floral species richness.  These findings speak to the importance of provisioning dense, 
speciose floral resources in depauperate landscapes to increase pollinator diversity in 
these areas.  Providing these resources is particularly important for oligolectic bee 
species, which are those that specialize on plants in a single family or genus to obtain all 
of their pollen and nectar requirements.  Additionally, bee species that are active longer 
than a single floral species’ bloom period require a succession of appropriate floral hosts. 
 Whereas floral resources are undoubtedly important for bee persistence, they are 
only one factor to consider when conserving or implementing bee habitat.  Most bee 
species nest in the ground (Cane, 1991) and thus require areas of undisturbed, bare soil in 
which to create their nests.  Other bee species, such as some Osmia and Megachile, do 
not nest in the ground, but still require soil and/or mud to construct their nests, indicating 
that bare soil areas are not only important for ground-nesting bee species but other 
species not exclusively categorized as such (Rau, 1926; Parker, 1975).  Despite the wide 
usage among bees of undisturbed bare soil as nesting substrate, there has been a distinct 
lack of research in this area.  More broadly, there have been few studies investigating the 
role of nesting resource availability on bee community diversity at all.  In an attempt to 
address this gap, Potts et al. (2005) examined the effect of habitat and vegetation 
succession on bee community assemblage.  They found that the availability of bare 
ground and nesting cavities to be “the two primary factors influencing the structure of the 
entire bee community, the composition of guilds, and also the relative abundance of the 
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dominant species”.  Similarly, we found that bare, undisturbed soil availability within the 
study strips had a significant effect on the number of bees collected during 2014 and 
2015.  After discovering this relationship, we established plots of bare soil near the strips 
in June 2016 to explore whether bare ground is a limiting resource in agroecosystems.  
The abundance and species richness among the bees we collected from these plots in 
2017 and 2018 suggest that this resource is limiting.  Indeed, our study indicates that the 
lack of this resource may be key for certain species, such as Calliopsis andreniformis.  
Additional indirect evidence from our study may further reinforce the importance to bees 
of the availability of undisturbed bare soil.  After 2016, there were an additional 100 m2 
of bare ground within bee flight distances of each study strip, representing a tremendous 
increase for 7 of our 11 sites (Table S1). This great increase in the availability of 
appropriate nesting substrate to bees may explain the reduced effect of bare ground 
within the strips after 2016.  
 An important result of our study was the association between specific members of 
the cleptoparasitic guild and the presence of their respective host(s).  We found strong 
evidence that cleptoparasites are present in areas where their hosts are present, a finding 
that supports the suggestion of Sheffield et al. (2013a) that the species richness of this 
guild could be used as an indicator to assess diversity of entire bee communities. 
 Our intention during this study was to accurately sample and represent the extent 
of the bee community within our study areas.  To accomplish this goal, we employed five 
bee collection methods:  blue vane traps, pan traps, emergence traps, targeted sweeping, 
and non-targeted sweeping.  Each method or technique was utilized as each collects a 
different size, type, or group of bees.  For example, cleptoparasitic bees do not collect 
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pollen to provision their young, meaning they visit flowers less frequently than pollen 
foraging species, thus traps mimicking flowers (blue vane and pan traps) are often 
unsuccessful in capturing cleptoparasites.  Roulston et al. (2007) compared the results of 
pan trapping to intensive netting techniques and found that both more individuals and 
more species were collected using the netting method, suggesting that pan traps alone are 
inadequate in sampling a bee community.  We also found that bee species collected in 
pan traps and in both sweeping methods differed greatly (Figure 2, Table S2).  Similarly, 
our results show that the targeted- and non-targeted sweeping techniques collected 
different bee assemblages.  In fact, all five sampling methods used in our study differed 
greatly in the subset of bee species collected, suggesting that the full breadth of a bee 
community cannot be assessed with only one or two sampling methods.  
 In Iowa and many locations worldwide where intensive agricultural production is 
practiced, the landscape has been heavily modified and homogenized to produce only a 
few crops.  In such landscapes, natural or semi-natural areas have become rare such that 
sufficient floral resources and suitable nesting sites to support a diverse bee community 
are not available (Gathmann and Tscharntke, 2002).  The USDA NRCS CRP offers a 
means to address this pressing issue by “renting” marginal or environmentally sensitive 
land from farmers or landowners and planting it with other vegetation types (USDA 
NRCS, 2014).  We show that CRP contour buffer and filter strips of greater floral 
diversity support a more abundant and diverse bee community, ultimately leading to 
increased biodiversity in a notably depauperate landscape. 
 An additional NRCS conservation practice initiated in 2008, Conservation 
Practice 42 Pollinator Enhancement (CP-42), was specifically intended to provide higher 
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quality pollinator habitat in agricultural landscapes (Hellerstein et al., 2017).  By design, 
a CP-42 seed mix must include a minimum of nine flowering species that together 
provide at least three species simultaneously in bloom throughout the growing season.  A 
remaining question is whether the addition of particular plant species provide greater 
returns in bee community diversity?  Harmon-Threatt and Hendrix (2014) indirectly 
addressed this in their study of prairie plant usage by bees.  The authors found that four 
plant species - Amorpha canescens Pursh, Dalea purpurea Ventenat, Ratibida pinnata 
Ventenat, Zizia aurea L. - were heavily utilized by numerous bee species. However, for 
habitat reconstruction such as installation of CP-42, the seeds of these keystone species 
are either not all available or their cost prohibitive to include in the pollinator mix.  
Indeed, the overall cost for seeds that together provide the diversity of floral resources to 
support a highly diverse bee community may limit the number of species chosen in the 
CP-42 mix to provide the minimum 9 floral resource species.  Our results demonstrate 
that this required minimum may be inadequate as the provision of only three species in 
bloom at a time in the study strips was insufficient to sustain a diverse bee community, 
evidenced by the number of bee species collected in areas with more than three blooming 
forb species was significantly higher when compared to areas with only three forb species 
in bloom (Figure 3c).  Perhaps the most important question remaining then, is what level 
of bee diversity should be targeted in efforts to provide resources? 
 Agricultural practices will only continue to intensify considering the ever-
increasing world population and the enormous amount of land required for crop 
production.  The majority of crops either benefit from or explicitly require pollination by 
bees, implying that establishing bee habitat near fields is integral to crop yield.  We 
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suggest that two essential practices for maintaining diverse communities of native bees in 
areas of intensive crop production are the incorporation of diverse native vegetation to 
provide season long forage and the provision of areas of undisturbed soil for nesting. 
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Tables and Figures 
Tables 
Table 1:  Sites organized by increasing number of blooming forb species; the number of individual bees and species collected at each 
site; the number and proportion of species represented by ten or fewer individuals; the number and proportion of species represented 
by one specimen; the Chao1 richness estimate with 95% confidence interval, and the inverse Simpson’s diversity index for bee 
species. 
 
Site 
no. 
No. 
bees 
No. bee 
species 
No. species with ≤ 10 
individuals (proportion) 
No. singleton species 
(proportion) 
Chao1 richness 
(95% confidence interval) 
Inverse Simpson's 
diversity index 
6 1,482 74 53 (0.72) 23 (0.32) 95 (83-107) 6.60 
1 780 59 47 (0.80) 21 (0.36) 77 (66-87) 4.37 
3 619 57 47 (0.82) 20 (0.35) 74 (64-85) 5.34 
4 535 44 30 (0.68) 11 (0.25) 50 (45-55) 7.91 
10 1,370 68 53 (0.78) 20 (0.29) 87 (76-98) 5.12 
7 989 64 48 (0.75) 20 (0.31) 81 (71-92) 8.46 
5 1,637 83 63 (0.76) 29 (0.35) 120 (101-138) 7.01 
9 2,411 86 62 (0.72) 28 (0.33) 128 (106-150) 5.95 
11 1,260 78 60 (0.77) 28 (0.36) 125 (100-150) 5.90 
2 2,820 105 77 (0.73) 34 (0.32) 133 (120-146) 6.65 
8 2,000 63 48 (0.76) 18 (0.29) 78 (69-88) 3.06 
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Table S1:  The year each study strip was established (entries left blank are unknown years of establishment by the current landowner); 
the number of blooming forb species categorized into native and weed species; average blooming forb cover; average bare ground 
cover; average width of strip, calculated by averaging five width measurements along the length of the strip; length of the study strip; 
approximate strip area, determined by multiplying average strip width by strip length; and estimated bare ground available in each 
strip, calculated by multiplying the percentage of bare ground by the total strip area. 
 
 
Site 
no. 
Year strip 
established 
No. blooming 
forb species 
Avg. blooming 
forb cover (%) 
Avg. bare ground 
cover (%) 
Avg. strip 
width (m) 
Strip 
length (m) 
Strip 
area (m2) 
Bare ground 
(m2) 
Native Exotic 
6 2004 0 2 0.16 0.5 9.71 419.2 4,070 20 
1 1988 1 2 0.24 0.4 10.58 527.05 5,576 22 
3 2012 3 6 9.14 29.02 8.81 110.85 977 283 
4 - 10 3 4.85 21.8 47.98 189.36 9,085 1,981 
10 - 3 12 4.09 13.88 27.68 904.85 25,046 3,476 
7 2007 8 8 8.46 16.44 13.41 187.09 2,509 412 
5 2008 9 8 5.2 5.98 9.58 369.31 3,538 212 
9 1998 6 12 12.81 8.55 36.99 790.16 29,228 2,499 
11 2012 12 8 4.71 2.42 9.1 492.33 4,480 108 
2 - 22 10 9.23 7.61 36.92 679.85 25,100 1,910 
8 2009 21 13 12.94 6.63 26.92 207.68 5,591 371 
38 
Table S2:  Forb species observed within quadrats in all study strips as well as the 
classification of native or exotic for each species according to the USDA NRCS Plants 
Database. 
 
Forb species Native/Exotic 
Abutilon theophrasti (Medikus) Exotic 
Achillea millefolium (Linnaeus) Native 
Apocynum cannabinum (Linnaeus) Native 
Asclepias syriaca (Linnaeus) Native 
Asclepias verticillata (Linnaeus) Native 
Chamaecrista fasciculata (Michaux) Native 
Cirsium arvense (Linnaeus; Scopoli) Exotic 
Cirsium vulgare (Savi; Tenore) Exotic 
Convolvulus arvensis (Linnaeus) Exotic 
Conyza canadensis (Linnaeus; Cronquist) Native 
Dalea purpurea (Ventenat) Native 
Daucus carota (Linnaeus) Exotic 
Dianthus armeria (Linnaeus) Exotic 
Echinacea purpurea (Linnaeus; Moench) Native 
Erigeron annuus (Linnaeus; Persoon) Native 
Eryngium yuccifolium (Michaux) Native 
Galium aparine (Linnaeus) Exotic 
Helianthus grosseserratus (Martens) Native 
Helianthus maximiliani (Schrader) Native 
Helianthus mollis (Lamarck) Native 
Helianthus pauciflorus (Nuttall) Native 
Heliopsis helianthoides (Linnaeus) Native 
Lactuca canadensis (Linnaeus) Exotic 
Lonicera japonica (Thunberg) Exotic 
Lotus corniculatus (Linnaeus) Exotic 
Medicago lupulina (Linnaeus) Exotic 
Medicago sativa (Linnaeus) Exotic 
Melilotus albus (Medikus) Exotic 
Melilotus officinalis (Linnaeus; Pallas) Exotic 
Monarda fistulosa (Linnaeus) Native 
Pastinaca sativa (Linnaeus) Exotic 
Physalis virginiana (Miller) Native 
Polygonum pensylvanicum (Linnaeus; Gómez) Exotic 
Polygonum punctatum (Elliot; Small) Native 
Ratibida pinnata (Ventenat; Barnhart) Native 
Rudbeckia hirta (Linnaeus) Native 
Rumex crispus (Linnaeus) Exotic 
Silene latifolia (Poiret) Exotic 
Silphium laciniatum (Linnaeus) Native 
Silphium perfoliatum (Linnaeus) Native 
Solanum carolinense (Linnaeus) Exotic 
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Table S2 continued 
 
Forb species Native/Exotic 
Solidago canadensis (Linnaeus) Native 
Solidago rigida (Linnaeus) Native 
Sonchus asper (Linnaeus) Exotic 
Taraxacum officinale (Linnaeus; Weber) Exotic 
Thlaspi arvense (Linnaeus) Exotic 
Tradescantia occidentalis (Britton) Native 
Trifolium pratense (Linnaeus) Exotic 
Trifolium repens (Linnaeus) Exotic 
Verbascum thapsus (Linnaeus) Exotic 
Verbena stricta (Ventenat) Native 
Verbena urticifolia (Linnaeus) Native 
Zizia aurea (Linnaeus; Koch) Native 
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Table S3:  The abundance of each bee species collected during the study followed by the number of individuals collected in 
each trap type 
 
Bee species 
No. 
individuals 
Blue 
vane 
Bee 
bowls 
Emergence 
traps 
Non-
targeted 
sweeping 
Nesting 
plots 
Targeted 
sweeping 
Agapostemon femoratus (Crawford, 1901) 16 1 10 1 1 2 1 
Agapostemon sericeus (Forster, 1771) 4  3  1   
Agapostemon splendens (Lepeletier, 1841) 48 7 32  8 1  
Agapostemon texanus (Cresson, 1872) 132 44 85  1  2 
Agapostemon virescens (Fabricius, 1775) 1260 192 877 32 135 10 14 
Andrena alleghaniensis (Viereck, 1907) 1      1 
Andrena asteris (Robertson, 1891) 3    2  1 
Andrena barbara (Bouseman and LaBerge, 1979) 5  1    4 
Andrena canadensis (Dalla Torre, 1896) 3    3   
Andrena commoda (Smith, 1879) 40 3 13 1 15  8 
Andrena cressonii cressonii (Robertson, 1891) 34 1 13 5 11 1 3 
Andrena dunningi (Cockerell, 1898)  1    1   
Andrena forbesii (Robertson, 1891) 2    2   
Andrena fragilis (Smith, 1853) 3  1    2 
Andrena geranii (Robertson, 1891) 1  1     
Andrena hirticincta (Provancher, 1888) 2    1  1 
Andrena ignota (LaBerge, 1967) 1  1     
Andrena imitatrix (Cresson, 1872) 4  1  3   
Andrena integra (Smith, 1853) 2    2   
Andrena melanochroa (Cockerell, 1898) 1    1   
Andrena nivalis (Smith, 1853) 5    2  3 
Andrena nubecula (Smith, 1853) 4    1  3 
Andrena nuda (Robertson, 1891) 3  1  1  1 
Andrena platyparia (Robertson, 1895) 3  1  2   
Andrena robertsonii (Dalla Torre, 1896) 6  1  5   
Andrena rudbeckiae (Robertson, 1891) 244    114  130 
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Table S3 continued 
 
Bee species 
No. 
individuals 
Blue 
vane 
Bee 
bowls 
Emergence 
traps 
Non-
targeted 
sweeping 
Nesting 
plots 
Targeted 
sweeping 
Andrena rugosa (Robertson, 1891) 1      1 
Andrena simplex (Smith, 1853) 1    1   
Andrena sp. (Fabricius, 1775) 131 4 8 5 74 1 39 
Andrena spiraeana (Robertson, 1895) 2    2   
Andrena wilkella (Kirby, 1802) 50 2 14  10  24 
Andrena wilmattae (Cockerell, 1906) 9  3  6   
Andrena w-scripta (Viereck, 1904) 3  1  2   
Andrena ziziae (Robertson, 1891) 187  3 1 83  100 
Anthophora bomboides (Kirby, 1838) 4 4      
Anthophora terminalis (Cresson, 1869) 13 11 1    1 
Anthophora walshii (Cresson, 1869) 4 2   1  1 
Apis mellifera (Linnaeus, 1758) 253 34 39 2 113  65 
Ashmeadiella bucconis (Say, 1837) 6 1 5     
Augochlora pura (Say, 1837) 3  2    1 
Augochlorella aurata (Smith, 1853) 1232 181 794 5 158 5 89 
Augochloropsis metallica (Fabricius, 1793) 20  12 2 5  1 
Bombus auricomus (Robertson, 1903) 3 3      
Bombus bimaculatus (Cresson, 1863) 42 7 6  16  13 
Bombus borealis (Kirby, 1837) 1 1      
Bombus citrinus (Smith, 1854) 2  1  1   
Bombus fervidus (Fabricius, 1798) 16 9 7     
Bombus fraternus (Smith, 1854) 1      1 
Bombus griseocollis (De Geer, 1773) 212 9 7  97  99 
Bombus impatiens (Cresson, 1863) 241 9 17  114  101 
Bombus pensylvanicus (De Geer, 1773) 87 35 35  10 2 5 
Bombus vagans (Smith, 1854) 4 1 1  1  1 
Calliopsis andreniformis (Smith, 1853) 68 1 3  7 56 1 
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Table S3 continued 
 
Bee species 
No. 
individuals 
Blue 
vane 
Bee 
bowls 
Emergence 
traps 
Non-
targeted 
sweeping 
Nesting 
plots 
Targeted 
sweeping 
Calliopsis nebraskensis (Crawford, 1902) 2   1  1  
Ceratina calcarata (Robertson, 1900) 26 7 5  8  6 
Ceratina dupla (Say, 1837) 47 1 4  26  16 
Ceratina mikmaqi (Rehan and Sheffield, 2011) 15 1 4  10   
Ceratina sp. (Latreille, 1802) 314 140 68  49 1 56 
Ceratina strenua (Smith, 1879) 2      2 
Coelioxys octodentata (Say, 1824) 3    1  2 
Coelioxys rufitarsis (Smith, 1854) 2      2 
Coelioxys sayi (Robertson, 1897) 1    1   
Colletes americanus (Cresson, 1868) 1    1   
Colletes consors (Cresson, 1868) 1    1   
Colletes kincaidii (Cockerell, 1898) 1    1   
Colletes latitarsis (Robertson, 1891) 10   1 6 2 1 
Colletes simulans (Cresson, 1868) 7    3  4 
Colletes sp. (Latreille, 1802) 2    2   
Dieunomia heteropoda (Say, 1824) 3    2  1 
Dufourea novaeangliae (Robertson, 1897) 4  1  1  2 
Epeolus bifasciatus (Cresson, 1864) 7   1 5  1 
Eucera atriventris (Smith, 1854) 3 1 2     
Eucera hamata (Bradley, 1942) 600 267 328  3  2 
Florilegus condignus (Cresson, 1878) 1 1      
Halictus confusus (Smith, 1853) 410 18 217 6 82 64 23 
Halictus ligatus (Say, 1837) 883 41 349 2 272 58 161 
Halictus parallelus (Say, 1837) 340 100 225  10 1 4 
Halictus rubicundus (Christ, 1791) 126 50 45  25 3 3 
Halictus sp. (Latreille, 1804) 2  1  1   
Heriades carinatus (Cresson, 1864) 2      2 
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Table S3 continued 
 
Bee species 
No. 
individuals 
Blue 
vane 
Bee 
bowls 
Emergence 
traps 
Non-
targeted 
sweeping 
Nesting 
plots 
Targeted 
sweeping 
Holcopasites calliopsidis (Linsley, 1943) 8     7 1 
Hoplitis pilosifrons (Cresson, 1864) 68 17 29  18  4 
Hylaeus affinis (Smith, 1853) 75 2 4  47  22 
Hylaeus lectocephalus (Morawitz, 1871) 2    2   
Hylaeus mesillae (Cockerell, 1896) 102  3  55  44 
Hylaeus sp. (Fabricius, 1793) 153 6 22  72 2 51 
Lasioglossum anomalum (Robertson, 1892) 1  1     
Lasioglossum (Dialictus) sp. (Robertson, 1902) 6168 1160 3978 30 762 90 148 
Lasioglossum acuminatum (McGinley, 1986) 36 3 33     
Lasioglossum athabascense (Sandhouse, 1933) 7 2 3  1 1  
Lasioglossum cinctipes (Provancher, 1888) 7 7      
Lasioglossum coriaceum (Smith, 1853) 148 22 121  5   
Lasioglossum fedorense (Crawford, 1906) 1  1     
Lasioglossum forbesii (Robertson, 1890) 16 4 12     
Lasioglossum foxii (Robertson, 1895) 1      1 
Lasioglossum fuscipenne (Smith, 1853) 13 1 10  2   
Lasioglossum leucozonium (Schrank, 1781) 36 13 21  2   
Lasioglossum nelumbonis (Robertson, 1890) 4 1 1  2   
Lasioglossum paraforbesii (McGinley, 1986) 23 7 15  1   
Lasioglossum pectorale (Smith, 1853) 40 13 11 2 7  7 
Lasioglossum sp. (Curtis, 1833) 145 33 82 2 28   
Lasioglossum truncatum (Robertson, 1901) 7   7    
Lasioglossum zonulum (Smith, 1848) 24 8 16     
Megachile brevis (Say, 1837) 69 1 12  33 2 21 
Megachile campanulae (Robertson, 1903) 1  1     
Megachile centuncularis (Linnaeus, 1758) 1 1      
Megachile frigida (Smith, 1853) 3      3 
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Table S3 continued 
 
Bee species 
No. 
individuals 
Blue 
vane 
Bee 
bowls 
Emergence 
traps 
Non-
targeted 
sweeping 
Nesting 
plots 
Targeted 
sweeping 
Megachile inimica (Cresson, 1872) 3     1 2 
Megachile latimanus (Say, 1823) 40 1 3  20 1 15 
Megachile mendica (Cresson, 1878) 10    7  3 
Megachile montivaga (Cresson, 1878) 7  4    3 
Megachile petulans (Cresson, 1878) 2      2 
Megachile pugnata (Say, 1837) 2    1  1 
Megachile relativa (Cresson, 1878) 8 1 5    2 
Megachile rotundata (Fabricius, 1787) 1  1     
Melissodes agilis (Cresson, 1878) 33 21 8  1  3 
Melissodes bidentis (Cockerell, 1914) 3 1 2     
Melissodes bimaculata (Lepeletier, 1825) 703 295 385 4 5 1 13 
Melissodes boltoniae (Robertson, 1905) 9  1  2  6 
Melissodes communis (Cresson, 1878) 45 25 12  4  4 
Melissodes comptoides (Robertson, 1898) 48 24 20  2  2 
Melissodes coreopsis (Robertson, 1905) 12 2 5  5   
Melissodes denticulatus (Smith, 1854) 3 1 1  1   
Melissodes desponsus (Smith, 1854) 61 19 21  15 1 5 
Melissodes druriellus (Kirby, 1802) 16 2 2  7 2 3 
Melissodes fumosus (LaBerge, 1961) 1    1   
Melissodes nivea (Robertson, 1895) 3 3      
Melissodes sp. (Latreille, 1829) 2  1    1 
Melissodes subillatus (LaBerge, 1961) 2  1  1   
Melissodes trinodis (Robertson, 1901) 267 104 77 1 49  36 
Melissodes vernoniae (Robertson, 1902) 1 1      
Melissodes wheeleri (Cockerell, 1906) 1  1     
Nomada articulata (Smith, 1854) 31  3  18 2 8 
Nomada denticulata (Robertson, 1902) 3  1  2   
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Table S3 continued 
 
Bee species 
No. 
individuals 
Blue 
vane 
Bee 
bowls 
Emergence 
traps 
Non-
targeted 
sweeping 
Nesting 
plots 
Targeted 
sweeping 
Nomada depressa (Cresson, 1863) 8  1  6  1 
Nomada erigeronis (Robertson, 1897) 5    1  4 
Nomada graenicheri (Cockerell, 1905) 1  1     
Nomada illinoensis (Robertson, 1900) 2    1  1 
Nomada imbricata (Smith, 1854) 1    1   
Nomada integerrima (Dalla Torre, 1896) 1      1 
Nomada parva (Robertson, 1900) 10 1   5  4 
Nomada sayi (Robertson, 1893) 1      1 
Nomada superba (Cresson, 1863) 3 1 1    1 
Nomada vincta (Say, 1837) 1    1   
Nomia universitatis (Cockerell, 1908) 10  1  7 2  
Osmia bucephala (Cresson, 1864) 1 1      
Osmia collinsiae (Robertson, 1905) 1 1      
Osmia cornifrons (Radoszkowski, 1887) 1 1      
Osmia illinoensis (Robertson, 1897) 1  1     
Osmia inermis (Zetterstedt, 1838) 5 3 1    1 
Osmia pumila (Cresson, 1864) 2 1   1   
Peponapis pruinosa (Say, 1837) 4 4      
Perdita sp. (Smith, 1853) 4 2 1  1   
Perdita swenki (Crawford, 1915) 1  1     
Protandrena bancrofti (Dunning, 1897) 4 1 1  2   
Pseudopanurgus aestivalis (Provancher, 1882) 3    3   
Pseudopanurgus albitarsis (Cresson, 1872) 33    23  10 
Pseudopanurgus solidaginis (Robertson, 1893) 4    4   
Sphecodes clematidis (Robertson, 1897) 7    1 5 1 
Sphecodes cressonii (Robertson, 1903) 1      1 
Sphecodes illinoensis (Robertson, 1903) 1      1 
Sphecodes sp. (Latreille, 1804) 12  3  4 4 1 
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Table S3 continued 
 
Bee species 
No. 
individuals 
Blue 
vane 
Bee 
bowls 
Emergence 
traps 
Non-
targeted 
sweeping 
Nesting 
plots 
Targeted 
sweeping 
Stelis lateralis (Cresson, 1864) 5    1  4 
Svastra obliqua (Say, 1837) 21 4 2  5 1 9 
Triepeolus concavus (Cresson, 1878) 1    1   
Triepeolus donatus (Smith, 1854) 5  1  3  1 
Triepeolus helianthi (Robertson, 1897) 1      1 
Triepeolus lunatus (Say, 1824) 11  2  7  2 
Triepeolus simplex (Robertson, 1903) 1  1     
Xeromelecta interrupta (Cresson, 1872) 1  1     
Xylocopa virginica (Linnaeus, 1771) 3 1 1  1   
 
 
 
Table S4:  Sites organized by increasing number of blooming forb species; the number of bees and number of bee species 
collected from nesting plots in 2017 and 2018. 
 
Site no. 
2017 2018 
No. individuals No. species No. individuals No. species 
6 8 3 8 3 
1 12 3 38 11 
10 2 1 24 3 
5 47 10 19 8 
9 13 5 14 7 
11 3 2 36 3 
2 10 7 39 10 
8 20 8 37 8 
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Table S5:  Bee species collected from the nesting plots during 2017-2018 and the soil classification from which they were 
collected.  Entries indicated by an asterisk (*) were collected from only one soil type. 
 
Bee species 
Soil type 
Clay loam Loam Loamy Sand Sandy loam Silt loam Silty clay loam 
Agapostemon femoratus - 1 - - 1 - 
Agapostemon splendens - - - 1* - - 
Agapostemon virescens - - - 10* - - 
Andrena cressonii cressonii - - - 1* - - 
Andrena sp. - 1* - - - - 
Augochlorella aurata - - - 2 1 2 
Bombus pensylvanicus 1 - - 1 - - 
Calliopsis andreniformis 11 - 3 31 4 7 
Calliopsis nebraskensis 1* - - - - - 
Ceratina sp. - - - 1* - - 
Colletes latitarsis - 1 - 1 - - 
Halictus confusus 2 17 7 13 6 18 
Halictus ligatus 13 7 1 25 3 8 
Halictus parallelus - - - 1* - - 
Halictus rubicundus - 1 - - 2 1 
Holcopasites calliopsidis 4 - - 1 1 1 
Hylaeus sp. - - - 2* - - 
Lasioglossum (Dialictus) sp. 3 21 - 37 17 13 
Lasioglossum athabascense - 1* - - - - 
Megachile brevis - - - - - 2 
Megachile inimica 1* - - - - - 
Megachile latimanus - - - 1* - - 
Melissodes bimaculata - - - 1* - - 
Melissodes desponsus - - - - - 1* 
Melissodes druriellus 1 1 - - - - 
Nomada articulata - - - 1 1 - 
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Table S5 continued 
 
Bee species 
Soil type 
Clay loam Loam Loamy Sand Sandy loam Silt loam Silty clay loam 
Nomia universitatis - 1 - - - 1 
Sphecodes clematidis - - - 3 1 1 
Sphecodes sp. 1 2 - 1 - - 
Svastra obliqua - - - - - 1* 
 
 
 
 
 
Table S6:  The number of individual bees and number of bee species within nesting guilds collected at each site. Sites are 
organized by increasing number of blooming forb species. 
 
Site 
No. 
Bumble bees Cavity nesters Cleptoparasites 
Honey 
bees 
Social ground-
nesters 
Social 
parasites 
Solitary 
ground-nesters 
Ind. Species Ind. Species Ind. Species Ind. Ind. Species Ind. Species Ind. Species 
6 92 5 97 12 8 5 37 899 9 0 0 349 42 
1 48 4 59 11 6 4 6 462 7 0 0 196 32 
3 25 5 36 10 4 4 4 325 7 0 0 226 30 
4 63 6 49 6 3 1 3 283 6 0 0 135 24 
10 22 5 101 10 21 7 6 775 6 0 0 446 39 
7 28 4 46 9 11 6 6 560 7 0 0 338 37 
5 27 6 103 13 15 10 9 826 8 0 0 657 45 
9 126 6 111 14 16 11 56 1,423 9 1 1 678 44 
11 30 7 110 13 13 8 44 681 7 0 0 382 42 
2 96 7 167 25 32 13 76 1,544 10 1 1 904 48 
8 49 5 54 11 5 4 6 1,411 6 0 0 475 36 
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Table S7:  Bee species classified as cleptoparasitic or socially parasitic collected from each site as well as their host species and its 
presence or absence (“X” denotes host presence).  Sites are organized by increasing number of blooming forb species. 
 
Site No. Cleptoparasite species Host species Host present 
6 Stelis lateralis Hoplitis pilosifrons, H. producta - 
1 
Holcopasites calliopsidis Calliopsis andreniformis, Pseudopanurgus spp. X 
Sphecodes clematidis Halictus spp., Lasioglossum spp. X 
3 
Coelioxys rufitarsis Megachile latimanus, M.melanophoea - 
Nomada articulata Agapostemon virescens, Andrena spp. X 
Nomada denticulata Andrena spp. X 
Nomada depressa Andrena spp. X 
Nomada illinoensis Andrena erigeniae - 
Nomada imbricata Halictus parallelus, H. rubicundus X 
Nomada integerrima Andrena spp. X 
Nomada parva Panurginus spp., Andrena spp. X 
Nomada superba Andrena spp. X 
Sphecodes sp. Halictus spp., Lasioglossum spp. X 
Triepeolus lunatus Melissodes bimaculata, Melissodes spp. X 
4 
Coelioxys sayi Megachile spp. X 
Nomada articulata Agapostemon virescens, Andrena spp. X 
Triepeolus concavus Svastra obliqua - 
Triepeolus lunatus Melissodes bimaculata, Melissodes spp. X 
10 
Epeolus bifasciatus Colletes latitarsis, Colletes spp. X 
Nomada articulata Agapostemon virescens, Andrena spp. X 
Nomada illinoensis Andrena erigeniae - 
Sphecodes cressonii Halictus spp., Lasioglossum spp. X 
Triepeolus donatus Melissodes desponsus, Melissodes spp. X 
Triepeolus lunatus Melissodes bimaculata, Melissodes spp. X 
Xeromelecta interrupta Anthophora abrupta - 
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Table S7 continued 
 
Site No. Cleptoparasite species Host species Host present 
7 
Bombus citrinus Bombus impatiens, B. vagans - 
Coelioxys octodentata Megachile centuncularis, M. mendica, M. brevis X 
Nomada articulata Agapostemon virescens, Andrena spp. X 
Nomada superba Andrena spp. X 
Triepeolus donatus Melissodes desponsus, Melissodes spp. X 
Triepeolus helianthi Dieunomia heteropoda, Melissodes trinodis, M. agilis X 
Triepeolus lunatus Melissodes bimaculata, Melissodes spp. X 
Triepeolus simplex Svastra spp., Hesperapis spp. - 
5 
Epeolus bifasciatus Colletes latitarsis, Colletes spp. - 
Holcopasites calliopsidis Calliopsis andreniformis, Pseudopanurgus spp. X 
Nomada articulata Agapostemon virescens, Andrena spp. X 
Nomada depressa Andrena spp. - 
Nomada parva Panurginus spp., Andrena spp. X 
Sphecodes clematidis Halictus spp., Lasioglossum spp. X 
Triepeolus lunatus Melissodes bimaculata, Melissodes spp. X 
9 
Bombus citrinus Bombus impatiens, B. vagans X 
Coelioxys rufitarsis Megachile latimanus, M. melanophoea X 
Nomada articulata Agapostemon virescens, Andrena spp. X 
Sphecodes clematidis Halictus spp., Lasioglossum spp. X 
Sphecodes illinoensis Halictus spp., Lasioglossum spp. X 
Sphecodes sp. Halictus spp., Lasioglossum spp. X 
11 
Nomada denticulata Andrena spp. X 
Nomada depressa Andrena spp. - 
Nomada sayi Andrena spp. - 
Sphecodes clematidis Halictus spp., Lasioglossum spp. X 
Triepeolus donatus Melissodes desponsus, Melissodes spp. X 
 
 
5
1 
Table S7 continued 
 
Site No. Cleptoparasite species Host species Host present 
2 
Coelioxys octodentata Megachile centuncularis, M. mendica, M. brevis - 
Holcopasites calliopsidis Calliopsis andreniformis, Pseudopanurgus spp. X 
Nomada articulata Agapostemon virescens, Andrena spp. X 
Nomada erigeronis Andrena helianthiformis, Andrena spp. X 
Nomada graenicheri Andrena spp. X 
Nomada parva Panurginus spp., Andrena spp. X 
Nomada vincta Andrena spp. X 
Sphecodes clematidis Halictus spp., Lasioglossum spp. X 
Sphecodes sp. Halictus spp., Lasioglossum spp. X 
Stelis lateralis Hoplitis pilosifrons, H. producta X 
Triepeolus donatus Melissodes desponsus, Melissodes spp. X 
8 
Nomada articulata Agapostemon virescens, Andrena spp. X 
Nomada depressa Andrena spp. X 
Nomada erigeronis Andrena helianthiformis, Andrena spp. X 
Nomada parva Panurginus spp., Andrena spp. X 
Sphecodes sp. Halictus spp., Lasioglossum spp. X 
Stelis lateralis Hoplitis pilosifrons, H. producta X 
Triepeolus donatus Melissodes desponsus, Melissodes spp. X 
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Figures 
 
Figure 1:  A principal component analysis showing the distribution of all the study sites 
in relation to their surrounding landscape composition including seven landscape 
categories:  alfalfa, corn, deciduous forest, developed land, grass/pasture, soybeans, and 
undefined.  The “undefined” category contains all other categories not explicitly included 
in the analysis. 
 
 
Figure 2:  A NMDS plot comparing the abundance of each bee species collected in each 
collection method.  Methods included are blue vane traps, pan traps, emergence traps, 
targeted sweeping, and non-targeted sweeping (as “NT”).  Open black circles represent 
the trap type at each site with red crosses representing bee species. 
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Figure 3: (a) As blooming species coverage increased, there was a statistically significant 
positive effect on the number of bees collected (p = 0.012, R2m = 0.03, R2c = 0.52); (b) 
The number of bee species increased significantly with increasing blooming forb cover (p 
< 0.001, R2m = 0.09, R2c = 0.76); (c) Regression showing the significantly positive 
relationship between the number of blooming forb species at each site and the number of 
bee species (p < 0.001, R2m = 0.101, R2c = 0.725); (d) Bee abundance is not significantly 
influenced by the number of blooming floral species (p = 0.142, R2m = 0.012, R2c = 
0.521). 
  
a. 
c. 
b. 
d. 
y = 0.87x + 69.53 
p = 0.012 
y = 0.14x + 11.99 
p < 0.001 
y = 0.70x + 11.02 
p < 0.001 
y = 2.63x + 70.72 
p = 0.142 
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Figure 4:  (a) Bare ground availability had a statistically significant effect on bee 
abundance in 2014-2015 (p = 0.037), (b) but the strength of the relationship, while still 
positive, diminished in later years (p = 0.091).  The number of bees collected within 
emergence traps showed a positive, though not significant, relationship with bare ground 
cover in both (c) 2014-2015 (p = 0.310) and (d) 2014-2018 (p = 0.357). 
 
a. b. 
c. d. 
y = 0.82x + 49.40 
p = 0.037 
y = 0.69x + 73.61 
p = 0.091 
y = 0.02x + 0.96 
p = 0.310 
y = 0.07x + 2.80 
p = 0.357 
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Figure 5:  The soil composition of both nesting plots at each site, represented in 
proportions of sand, silt, and clay. 
 
 
 
 
Figure 6:  A Welch’s one-way ANOVA revealed a significant difference in the soil 
composition of the nesting plots, specifically between the percentages of sand and clay. 
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Abstract 
 Much of the land in the Midwestern U.S. is involved in intensive agricultural 
practices, leaving minimal area for natural or semi-natural habitat, thus conservation 
practices in these areas should be targeted to support certain taxa.  Much emphasis has 
been recently placed on providing floral resources for bees, but little consideration has 
been given to which floral species should be included in seed mixes intended to support 
bees.  In this study, we identified pollen collected by bees to provide more insight into the 
floral resources they utilize beyond floral visitation records.  Our goal was to determine 
which floral species were used by the greatest number of bees and bee species in an effort 
to inform management recommendations for seed mix composition.  Ultimately, we 
suggest the following species be considered when choosing seed mixes designed to 
support native bees:  Asclepias syriaca L., Erigeron annuus L., Heliopsis helianthoides 
L., Monarda fistulosa L., Ratibida pinnata Ventenat, Rudbeckia hirta L., Silphium 
perfoliatum L., Solidago canadensis L., and Zizia aurea L.  These floral species were 
utilized by many bee species, as evidenced by pollen grains identified from the bees; 
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have prolonged bloom periods, which support bees throughout their activity periods; and 
are native to the Midwestern U.S.  While these specific floral species are not 
recommended outside of their known distributions, the methodology described is 
applicable for all locations and ecotypes.  Determining which forb species provide forage 
for bees, and should thus be incorporated into seed mixes, is a clear strategy to support 
diverse bee communities.  
 
Introduction 
 Much of the world’s food supply depends on animal-mediated pollination, with 
approximately 70% of crop species requiring such services, accounting for 35% of global 
food production (Klein et al., 2007), and resulting in an estimated $189.68 billion in 
pollination services (Gallai et al., 2008).  The majority of pollination worldwide is 
provided by the 20,000+ identified bee species (Hymenoptera: Apoidea), making bees the 
most important group of animal pollinators (Bawa, 1990; Klein et al., 2007; Kremen et 
al., 2007; Potts et al., 2010).  Indeed, not only are bees vital for agricultural production, 
but they also pollinate a large proportion of non-crop flowering plant species, ensuring 
plant recruitment and the maintenance of biodiversity in ecosystems (Hines and Hendrix, 
2005). 
 Decreased habitat availability is a common issue in locations considerably altered 
by intensive agricultural practices.  Intensive agriculture requires frequent and extensive 
disturbance, such as tilling and multiple chemical applications, resulting in the removal of 
non-crop vegetation and ultimately leading to severely altered and depauperate 
landscapes (Le Féon et al., 2010).  Many studies have shown that such landscapes reduce 
available habitat for native bees and any remaining habitat is highly fragmented, creating 
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dispersal difficulties (Hines and Hendrix, 2005; Le Féon et al., 2010; Schindler et al., 
2013). Iowa, in the Midwestern U.S., is dominated by large-scale agricultural practices, 
with over 72% of the land in the state devoted to crop production (USDA NASS, 2012), 
predominately of only two crops, corn (Zea mays L.) and soybean (Glycine max L.).  
Neither of these plants require animal-mediated pollination:  corn is wind-pollinated, thus 
providing no nectar and nutritionally poor pollen, and commercially grown soybean is 
self-pollinated (Palmer et al., 2001, Vanbergen and Insect Pollinators Initiative, 2013), 
producing only negligible amounts nectar (Severson and Erickson, 1984).  Both pollen 
and nectar derived from flowering forbs are required by all bees to provide energy for 
foraging activities as well as to provision offspring, meaning a lack of floral resources, 
such as in much of Iowa, results in an environment poorly suited for bee persistence. 
 One potential habitat restoration approach is the United States Department of 
Agriculture (USDA) Natural Resources Conservation Service (NRCS) Conservation 
Reserve Program (CRP).  This program was initiated with the intention of reducing sheet 
and rill erosion in cropland while simultaneously removing nutrients, pesticides, and 
other contaminants from water runoff (USDA NRCS, 2011).  The CRP program 
addresses these goals by seeding areas of perennial vegetation within row-crop fields, as 
contour buffer strips and filter strips.  Several studies have shown such strips to be 
successful in retaining sediment, water, and nutrients in fields (Helmers et al., 2012; 
Zhou et al., 2010), with additional studies demonstrating that strips can provide habitat 
for vertebrate wildlife (Schulte et al., 2016; Phillips et al., 2004).  An initial study by 
Moorhouse (2016) demonstrated the potential of such strips to provide suitable habitat for 
native bees. 
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 Understanding the floral resources required by each bee species is vital to 
ensuring those resources are available in appropriate spatial and temporal distributions. 
The most common bee species are typically multivoltine, producing more than two 
broods per year, and polylectic, foraging on numerous unrelated plant species, resulting 
in long periods of activity during which a succession of forb species in bloom are 
required (Biesmeijer et al., 2006).  More specific plant-bee interactions are particularly 
critical in the consideration of univoltine species, which are species that produce only one 
brood per year and are active during a relatively short time period. Less common bee 
species are often univoltine as well as oligolectic having narrow diet breadths, requiring 
floral resources from only a single family, genus, or species.  Therefore, it is essential 
that the appropriate floral resource is available when univoltine, oligolectic bee species 
emerge and forage.  For some plants, it is critical that its legitimate flower visitor, that is 
its pollinator, be active when the plant is in bloom.  Legitimacy has been investigated by 
various methods, including determination of floral fidelity, where in the visitor 
concentrated its foraging activity on conspecific flowers (Cane and Sipes, 2007). 
 Plant-pollinator networks are useful tools for monitoring the interactions between 
bees and their forage plants.  For example, Burkle et al. (2013) used plant-pollinator 
networks to compare the bee and floral communities from the late 1800s to 2010 and 
discovered that 45% of the bee species in Carlinville, Illinois had been extirpated from 
the area over the 120-year period.  Such networks have also been used to predict 
phenological shifts in bee species activity and appropriate forage availability likely to 
arise in the future as climate changes (Memmott et al., 2007).  
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 Flower visitor and forb species interactions are often characterized only by direct 
observation and from these observations the visitor may be inferred to be a pollinator.  
However, this simplistic definition of “interaction” disregards whether the visitor is 
foraging for pollen or nectar.  Bees are known to obtain nectar from a greater number of 
floral hosts than those from which they collect pollen (Cane and Sipes, 2006).  For 
example, Andrena dunningi (Cockerell) has been observed visiting plants within the 
genera Salix and Acer, but when the nest pollen loads were analyzed these pollens were 
rarely discovered, suggesting that A. dunningi visited these plants for nectar only 
(Johnson, 1984).  According to Robertson (1928), floral visitation records are “worthless 
as data of insect habits” because they do not discriminate whether the insect is visiting 
the plant to obtain pollen, nectar, or both.  For this reason, it is important to consider 
plant-bee interactions in terms of pollen collected rather than visitation alone. 
 In this study, questions of particular interest were:  which bee species visited 
which plants, and which pollens were carried by the visiting bees?  To address these 
questions, we identified the following objectives:  (1) determine which forb species were 
visited by which bee species, (2) identify the pollen loads of the bee visitors to inform 
floral fidelity, and (3) determine which floral resources were used by the greatest number 
of bee species.  Ultimately, our goal was to determine which forbs supported the greatest 
number of bee species, and among those plants, which should be included in seed mixes 
chosen to support bee biodiversity. 
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Materials and Methods 
 
Study Sites and Floral Surveys 
 Eight privately-owned farms located throughout central and northeastern Iowa, 
USA were sampled in 2016 and 2017.  Two sites were in Jasper County and one site in 
each of the following counties:  Buchanan, Dallas, Greene, Grundy, Guthrie, and Story.  
Each study site was specifically selected to have existing contour buffer and filter strips 
under CRP contract, which together provided a range of floral diversity from 0 to as 
many as 34 forb species at a single site.  To assess floral availability, we estimated the 
coverage (%) of each floral species in bloom in ten 1-m2 quadrats randomly placed along 
a 60-m transect.  Each site was sampled five times during both years of the study – twice 
in May, and once in June, July, and August – for a total of ten samples from each site. To 
allow comparisons between forb species abundances, we determined the relative 
abundance of each species by summing the coverages from all observations and dividing 
the total coverage of each species by the total area surveyed (800-m2) . 
 
Bee Sampling and Identification 
 Bee sampling took place on sunny days with temperatures above 12.8°C and wind 
speeds not exceeding 24 kph to ensure maximum bee activity.  Bees were collected using 
a targeted sweeping method in which a single bee specimen was located and collected 
from a single flower.  Targeted sweeping was conducted for 6 minutes along both sides 
of the 60-m transect within each study strip and repeated 2 times by 2 different persons to 
reduce collection bias, resulting in a total of 24 minutes of targeted sweeping per 
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sampling date.  Upon capture, each bee was placed in a separate vial with 70% ethanol 
and the floral species from which they were collected recorded. 
 Bee specimens were prepared for identification using the protocol described by 
Droege (2009) and identified to the lowest taxonomic level possible (Michener et al., 
1994; Arduser, 2015; Ascher and Pickering, 2018).  Specimens identified to genus, such 
as male Andrena or female Hylaeus species, were identified only to this level due to 
difficulties in their further identification.  Similarly, specimens belonging to the subgenus 
Lasioglossum (Dialictus) are notoriously difficult to identify to the species level, and thus 
were identified only to subgenus (Gibbs, 2011). 
 
Pollen Preparation and Identification 
 In order to easily visualize and identify the pollen collected by each individual 
bee we used the following procedure.  From the vial in which a bee specimen had been 
placed in the field we removed a 1.5-mL aliquot of ethanol and then centrifuged the 
aliquot at 4,000 rpm for five minutes to precipitate the pollen (H. Carroll, personal 
communication).  The resulting pollen pellet was placed on a glass microscope slide and 
the residual ethanol allowed to evaporate (Wodehouse, 1933).  A small amount of 
glycerine jelly with fuchsin stain (Brunel Microscopes) was applied to the pollen grains, 
the jelly melted, a 15-mm round glass coverslip (Thomas Scientific) was then placed over 
the pollen preparation (Johnson, 1984) and sealed with ringing cement (Brunel 
Microscopes) for preservation (Cushing, 2011). 
 Following slide preparation, all pollen types from each sample were photographed 
using a Leica ICC50W compound microscope camera and identified to species using our 
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pollen reference library prepared from flowers collected in the strips as well as published 
reference photos (Killewald, 2017; Martin and Harvey, 2017). 
 
Plant-Bee Interaction Analyses 
 To address floral fidelity among the collected bees, we used a Pearson’s chi-
squared test to determine the likelihood that an individual bee carried the pollen of the 
same floral species from which it had been collected.  For instance, if a bee was found to 
carry Z. aurea pollen but the bee was not collected from a Z. aurea flower, it was not 
included in the Pearson’s chi-squared analysis.  We used generalized linear models with 
Poisson variance to determine the effect of plant abundance on bee capture and bee 
pollen load. In these models we used our calculated relative abundance of each blooming 
floral species as the predictor variable to test the response of the number of individual 
bees collected from that floral species and to test the response of the number of bee 
species determined to carry that pollen (lme4 package, Bates et al., 2015). 
 Finally, to visualize be plant interactions, we assembled a network of bee species 
and the floral species from which they were collected was using the bipartite package in 
R (version 3.5.2) (Dormann, 2011). A second bipartite interaction network of bee species 
and the pollen species carried by that bee species was similarly constructed.  
 
Results 
Study Sites and Floral Surveys 
 We observed 42 floral species in bloom in the 800-m2 surveyed throughout the 
study (Table 1).  Relative abundance of floral species ranged between 0.000 and 1.754% 
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with exotic species representing 7 of the 10 most abundant (Table 2).  The most abundant 
native species were Solidago canadensis L. (1.735%), Ratibida pinnata Ventenat 
(1.048%), and Helianthus grosseserratus Martens (0.505%). 
 
Bee Sampling and Identification 
 We collected 610 individual bees identified among 58 species (Table 3) collected 
from 31 plant species (Table 2).  The most common bees collected were Bombus 
griseocollis De Geer (73 individuals), Lasioglossum (Dialictus) spp. (69 individuals), and 
Bombus impatiens Cresson (65 individuals) (Table 3).  A total of 21 species were 
collected only once (singletons), 10 species collected twice (doubletons) and at least 3 
individuals were collected of the remaining 27 species. 
 
Pollen Preparation and Identification 
 In total, we identified 63 species of pollen from the 610 bee specimens (Table 2).  
Remarkably, pollen was identified from 63 plant species, yet bees were collected from 
only 31. Thus, bee pollen loads not only included pollens from the plants on which the 
bees were captured, but pollen loads included an additional 32 pollen species.  Pearson’s 
chi-squared test of the likelihood that an individual bee carried the pollen of the same 
floral species from which the bee had been collected was highly significant (Χ2 = 281.11, 
df = 160, p < 0.001).  
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Plant-Bee Interaction Analysis 
 The floral species from which pollen was identified varied greatly in relative 
abundance (Table 2).  The 8 most abundant plant species were also observed in bloom for 
3 to 4 months, and, not surprisingly, these were the plant species from which large 
numbers of individual bees (20 to 83) and species (13 to 32) were collected.  However, 
there were a number of floral species of much lower abundances from which similarly 
large numbers of bee individuals and species were found to carry their pollen.  Thlaspi 
arvense L., Galium aparine L., and Zizia aurea L. each occurred in relatively low 
abundance, 0.013, 0.013 and 0.005% respectively, and had the shortest bloom period, in 
May only.  Yet from 12 to 16 bee species among 87 individuals were found to carry their 
pollens (Table 2).  Of particular interest was Asclepias syriaca L., a species that was only 
moderately abundant (0.174% relative abundance), but the pollen of which was found on 
57 bee species, all species except Stelis lateralis Cresson, and was the most commonly 
found pollen, observed on 228 specimens.  Pollen of Daucus carota L. was the second 
most commonly found, identified on 83 bee specimens, but this was also the species of 
highest relative abundance, 1.754%.  Of the 63 pollen species identified among the 
targeted bees, pollen from 14 plant species were identified only once, likely due to their 
rare occurrence in the strips. 
 The interaction network of bee species and the floral species from which they 
were collected depicted several plant species as particularly important due to the high 
frequency of visitation (Figure 1a). These well represented species included several 
weeds but also a large number of prairie native species:  Z. aurea, R. pinnata, S. 
canadensis, Monarda fistulosa L., Rudbeckia hirta L., D. carota, and Silphium 
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perfoliatum L.  All of these species except one, Z. aurea, were among the 18 most 
abundant and likely available from which to collect (Table 2). A generalized linear model 
determined that an individual plant species’ abundance was a significant predictor of the 
number of bee species or individuals found to carry the pollen (p < 0.001 and p = 0.016, 
respectively).  Comparison of the interaction network of bee species and the pollen(s) 
they carried (Figure 1b) versus flowering species from which bees were collected (Figure 
1a) indicates that many more flowering species were being visited than those from which 
bees were collected (Figure 1b).  Pollen from the plant species listed above, those from 
which bees were most often collected, were shown to be carried by large numbers of bees 
and bee species.  Additionally, several species of weed pollens were shown to often be 
carried by bees:  Taraxacum officinale L., Convolvulus arvensis L., Cirsium arvense L., 
and Trifolium pratense L. 
 
Discussion 
 The results of this study will greatly inform recommendations as to which floral 
species to include in seed mixes intended to support a diverse bee community.  It should 
be noted, however, that pollen abundance for each bee specimen was not quantified due 
to the large number of samples, thus only the number of pollen species for each bee 
species was identified rather than the relative abundance. 
 We found evidence promoting further investigation of plant-pollinator 
interactions beyond flower visitation (Figure 1).  The plants from which bees were most 
commonly collected (Z. aurea, R. pinnata, and M. fistulosa) (Figure 1a) were not the 
plants from which pollen was detected to be carried by the greatest numbers of bees or 
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bee species (Figure 1b).  For example, 149 bees were collected from Zizia aurea, but only 
41 individual bees carried its pollen.  This finding supports the claim made by Robertson 
(1928) that floral visitation does not equal pollen collection.  However, when we tested 
the likelihood that that a bee would carry the pollen from the plant on which it was 
collected, we did find this relationship to be highly significant, possibly indicating 
widespread floral fidelity.  Note that this result illustrates only the presence or absence of 
pollen from the floral host it was captured from and excludes the pollen from non-floral 
host species. 
 Future studies should aim to reduce sampling biases in order to provide impartial 
results regarding floral species inclusion in seed mixes.  We acknowledge and were likely 
guilty of the tendency to collect bees from highly abundant flowers while overlooking 
less abundant species, as well as the inclination to sample bees from easily accessible or 
easily visible flowers compared to floral species with more hidden reproductive 
structures.  Additionally, we recognize the difficulty associated with accurate pollen 
identification, and have concern regarding the identification of Asclepias syriaca pollen.  
This concern stems from A. syriaca typically serving only as a nectar source for bees 
rather than a source of pollen as the pollen is not readily available but housed in pollinia.  
Morse and Fritz (1983) found bees which had pollinia adhering to their bodies tended to 
be large bees in the Apidae family.  It was surprising that 98% of the bee species 
collected in this study (57 of 58 species) from large to relatively small bees were found to 
carry A. syriaca pollen. 
 A study conducted by Harmon-Threatt and Hendrix (2015) addressed the floral 
species included in commercially-available seed mixes and found that such seed mixes 
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contained an average of only 2.1 “bee plants,” a term used to denote plants that were 
particularly attractive to bee species.  The authors found four forb species to be keystone 
plants for native bees:  Amorpha canescens Pursh, Dalea purpurea Ventenat, R. pinnata, 
and Z. aurea, the last two of which we also found to be important. While the remaining 
two keystone species are no doubt important, they simply weren’t indicated as such in 
our analyses, likely due to their absence (A. canescens) and low abundance (D. 
purpurea). 
 Our results indicate that several species were particularly important to the bee 
community:  A. syriaca, E. annuus, H. helianthoides, M. fistulosa, R. pinnata, R. hirta, S. 
perfoliatum, and S. canadensis. We recommend these species be considered for inclusion 
in seed mixes intended to support native bees in the Midwestern U.S. because they:  (1) 
provided pollen to the greatest number of bees and bee species (Table 3, Figure 1b); (2) 
had prolonged bloom periods and thus provided floral resources during the majority of 
the bee activity period (Figure 2); and (3) are native to the region (USDA NRCS, 2019).  
We highly recommend Zizia aurea L. also be included in such seed mixes as it was the 
only native species blooming early in the season, was heavily visited by many bee 
species and its pollen was found on a large number of bee species and individuals.  It 
should be noted that the recommendations we provided include only species already 
present in our study areas.  We acknowledge that other floral species may also be 
valuable forage resources for bees and worthy of inclusion in seed mixes, but simply 
were not abundant enough to be identified as such in this study.  
 This study was intended to provide insight as to which floral species should be 
included in native bee seed mixes, though the specific plant recommendations are not 
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applicable to all locations or ecotypes.  However, the methodology and implications for 
habitat restoration are applicable elsewhere and should be employed further.  Considering 
the importance of pollination services provided by bees to the production of many crops, 
incorporating forb species shown to provide forage for bees into crop fields is an obvious 
strategy to improve yield.  
 
Tables and Figures 
Tables 
Table 1:  The floral species observed in bloom during vegetation surveys; the number of 
bee species collected from each floral species; and the number of bee specimens collected 
from each floral species.  Bees collected from floral species not observed in the 
vegetation surveys are not listed. 
 
Floral species No. bee species No. individuals 
Abutilon theophrasti (Medikus) - - 
Achillea millefolium (Linnaeus) 1 6 
Apocynum cannabinum (Linnaeus) - - 
Asclepias syriaca (Linnaeus) 2 2 
Asclepias verticillata (Linnaeus) - - 
Cirsium arvense (Linnaeus; Scopoli) 2 2 
Cirsium vulgare (Linnaeus) 4 16 
Convolvulus arvensis (Linnaeus) - - 
Conyza canadensis (Linnaeus; Cronquist) - - 
Cuscuta gronovii (Willdenow) - - 
Dalea purpurea (Ventenat) 2 5 
Daucus carota (Linnaeus) 10 29 
Dianthus armeria (Linnaeus) - - 
Echinacea purpurea (Linnaeus; Moench) 2 2 
Erigeron annuus (Linnaeus; Persoon) 3 3 
Eryngium yuccifolium (Michaux) - - 
Galium aparine (Linnaeus) - - 
Helianthus grosseserratus (Martens) 1 1 
Heliopsis helianthoides (Linnaeus) 6 6 
Lactuca canadensis (Linnaeus) - - 
Lonicera japonica (Thunberg) - - 
Lotus corniculatus( Linnaeus) 6 13 
Medicago lupulina (Linnaeus) - - 
Melilotus albus (Medikus) - - 
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Table 1 continued 
 
Floral species No. bee species No. individuals 
Melilotus officinalis (Linnaeus; Pallas) 1 1 
Monarda fistulosa (Linnaeus) 14 73 
Pastinaca sativa (Linnaeus) 5 6 
Physalis virginiana (Miller) 4 6 
Ratibida pinnata (Ventenat) 14 89 
Rudbeckia hirta (Linnaeus) 8 26 
Rumex crispus (Linnaeus) - - 
Silene latifolia (Poiret) - - 
Silphium perfoliatum (Linnaeus) 11 32 
Solanum carolinense (Linnaeus) 2 2 
Solidago canadensis (Linnaeus) 18 74 
Solidago rigida (Linnaeus) 2 2 
Taraxacum officinale (Linnaeus; Weber) 7 21 
Thlaspi arvense (Linnaeus) 4 4 
Trifolium pratense (Linnaeus) 6 7 
Trifolium repens (Linnaeus) - - 
Verbena stricta (Schreber) 2 2 
Zizia aurea (Linnaeus; Koch) 15 149 
 
7
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Table 2:  All pollen species identified from bee specimens; the number of dates the floral species was observed in bloom; the coverage 
of each floral species relative to all additional floral species in bloom during all sampling events, the months during which each floral 
species was observed to be blooming, the number of bee species each pollen species was detected on, and the number of bee 
specimens each pollen was observed on.  Pollen species with a dashed line (-) represent pollen identified from a bee specimen but the 
floral species was not present in the vegetation surveys.  Pollen species ordered by decreasing relative plant species abundance with 
species from which bees were collected in bold. 
 
Pollen species 
Native (N) 
or exotic (E) 
No. dates 
observed 
Rel. abundance 
(%) 
Bloom 
period 
No. 
bees 
No. bee 
species 
Daucus carota (Linnaeus) E 14 1.754 June-August 83 26 
Solidago canadensis (Linnaeus) N 10 1.735 July-August 42 23 
Taraxacum officinale (Linnaeus; Weber) E 36 1.243 May-August 55 27 
Ratibida pinnata (Ventenat) N 17 1.048 June-August 67 27 
Convolvulus arvensis (Linnaeus) E 18 1.030 May-August 43 19 
Cirsium arvense (Linnaeus; Scopoli) E 19 0.996 May-August 31 18 
Lotus corniculatus (Linnaeus) E 7 0.779 June-August 20 13 
Trifolium pratense (Linnaeus) E 11 0.656 May-August 81 32 
Helianthus grosseserratus (Martens) N 4 0.505 July-August 5 5 
Pastinaca sativa (Linnaeus) E 3 0.379 May-July 19 15 
Solidago rigida (Linnaeus) N 5 0.375 August 9 8 
Trifolium repens (Linnaeus) E 8 0.270 May-August 27 16 
Physalis virginiana (Miller) N 6 0.231 July-August 14 9 
Rudbeckia hirta (Linnaeus) N 13 0.196 June-August 37 20 
Monarda fistulosa (Linnaeus) N 6 0.175 June-August 24 13 
Asclepias syriaca (Linnaeus) N 11 0.174 June-August 228 57 
Cuscuta gronovii (Willdenow) N 2 0.150 July-August 1 1 
Solanum carolinense (Linnaeus) N 11 0.138 June-August 13 7 
Silphium perfoliatum (Linnaeus) N 4 0.110 July-August 19 12 
Heliopsis helianthoides (Linnaeus) N 4 0.101 June-August 15 14 
Cirsium vulgare (Savi; Tenore) E 5 0.100 July-August 17 8 
Erigeron annuus (Linnaeus; Persoon) N 11 0.080 June-August 41 14 
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Table 2 continued 
 
Pollen species 
Native (N) 
or exotic (E) 
No. dates 
observed 
Rel. abundance 
(%) 
Bloom 
period 
No. 
bees 
No. bee 
species 
Verbena stricta (Ventenat) N 5 0.065 June-August 5 3 
Silene latifolia (Poiret) N 2 0.058 July 19 9 
Dianthus armeria (Linnaeus) N 1 0.044 June 2 2 
Lonicera japonica (Thunberg) E 1 0.031 May 1 1 
Dalea purpurea (Ventenat) N 3 0.026 June-August 7 4 
Abutilon theophrasti (Medikus) E 1 0.016 June-August 6 5 
Apocynum cannabinum (Linnaeus) N 2 0.013 May-July 3 3 
Medicago lupulina (Linnaeus) N 1 0.013 June-July 9 7 
Rumex crispus (Linnaeus) E 1 0.013 May 1 1 
Thlaspi arvense (Linnaeus) E 1 0.013 May 18 12 
Zizia aurea (Linnaeus; Koch) N 2 0.013 May 41 14 
Achillea millefolium (Linnaeus) N 2 0.011 May-June 3 3 
Eryngium yuccifolium (Michaux) N 2 0.008 July-August 5 5 
Lactuca canadensis (Linnaeus) N 2 0.008 July-August 2 2 
Echinacea purpurea (Linnaeus; Moench) N 1 0.006 June-July 2 2 
Melilotus albus (Medikus) E 1 0.006 July 1 1 
Galium aparine (Linnaeus) E 2 0.005 May 28 16 
Asclepias verticillata (Linnaeus) N 1 0.004 July 1 1 
Conyza canadensis (Linnaeus; Cronquist) N 1 0.004 August 4 4 
Melilotus officinalis (Linnaeus; Pallas) E 1 0.003 May-July 11 8 
Anemone canadensis (Linnaeus) N - - - 3 3 
Baptisia alba (Linnaeus; Ventenat) N - - - 1 1 
Bellis perennis (Linnaeus) E - - - 1 1 
Carduus nutans (Linnaeus) E - - - 10 8 
Desmodium canadense (Linnaeus; de Candolle) N - - - 2 2 
Duchesnea indica (Andrews; Wolf) E - - - 2 2 
Echinocystis lobata (Michaux) N - - - 1 1 
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Table 2 continued 
 
Pollen species 
Native (N) 
or exotic (E) 
No. dates 
observed 
Rel. abundance 
(%) 
Bloom 
period 
No. 
bees 
No. bee 
species 
Hemerocallis fulva (Linnaeus) E - - - 10 7 
Matricaria discoidea (de Candolle) E - - - 1 1 
Medicago sativa (Linnaeus) E - - - 5 4 
Ornithogalum umbellatum (Linnaeus) E - - - 2 2 
Oxalis stricta (Linnaeus) N - - - 11 5 
Polygonum pensylvanicum (Linnaeus; Gómez) N - - - 2 2 
Polygonum punctatum (Elliot; Small) N - - - 1 1 
Rubus idaeus (Linnaeus) E - - - 5 5 
Saponaria officinalis (Linnaeus) N - - - 1 1 
Sinapis arvensis (Linnaeus) E - - - 11 7 
Sonchus asper (Linnaeus) E - - - 1 1 
Verbascum thapsus (Linnaeus) E - - - 6 6 
Vernonia fasciculata (Schreber) N - - - 1 1 
Vicia villosa (Roth) E - - - 1 1 
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Table 3:  Bee species from which pollen grains were identified, the number of individuals 
of each species, and the period during which the bees were collected. 
 
Bee species No. individuals Activity period 
Agapostemon texanus (Cresson, 1872) 1 May-August 
Agapostemon virescens (Fabricius, 1775) 3 May-August 
Andrena alleghaniensis (Viereck, 1907) 1 June 
Andrena asteris (Robertson, 1891) 1 July 
Andrena barbara (Bouseman and LaBerge, 1979) 2 May-June 
Andrena commoda (Smith, 1879) 2 May-August 
Andrena nubecula (Smith, 1853) 1 August 
Andrena rudbeckiae (Robertson, 1891) 41 June-August 
Andrena sp. (Fabricius, 1775) 10 May-August 
Andrena wilkella (Kirby, 1802) 3 May-July 
Andrena ziziae (Robertson, 1891) 57 May-June 
Apis mellifera (Linneaus, 1758) 15 May-August 
Augochlorella aurata (Smith, 1853) 49 May-August 
Bombus bimaculatus (Cresson, 1863) 12 May-August 
Bombus griseocollis (De Geer, 1773) 73 June-August 
Bombus impatiens (Cresson, 1863) 65 May-August 
Bombus pensylvanicus (De Geer, 1773) 4 May-August 
Calliopsis andreniformis (Smith, 1853) 1 June-August 
Ceratina dupla (Say, 1837) 9 May-August 
Ceratina sp. (Latreille, 1802) 13 May-August 
Colletes latitarsis (Robertson, 1891) 1 June-August 
Colletes simulans (Cresson, 1868) 3 June-August 
Dieunomia heteropoda (Say, 1824) 1 August 
Dufourea novaeangliae (Robertson, 1897) 2 July 
Eucera hamata (Bradley, 1942) 2 May-July 
Halictus confusus (Smith, 1853) 10 May-August 
Halictus ligatus (Say, 1837) 60 May-August 
Halictus parallelus (Say, 1837) 1 May-August 
Halictus rubicundus (Christ, 1791) 1 May-August 
Holcopasites calliopsidis (Linsley, 1943) 1 June-July 
Hoplitis pilosifrons (Cresson, 1864) 3 May-July 
Hylaeus affinis (Smith, 1853) 7 May-August 
Hylaeus mesillae (Cockerell, 1896) 18 May-August 
Hylaeus sp. (Fabricius, 1793) 25 May-August 
Lasioglossum (Dialictus) sp. (Robertson, 1902) 69 May-August 
Lasioglossum pectorale (Smith, 1853) 2 May-August 
Megachile brevis (Say, 1837) 2 May-August 
Megachile frigida (Smith, 1853) 1 July-August 
Megachile inimica (Cresson, 1872) 1 July-August 
Megachile latimanus (Say, 1823) 3 June-August 
Megachile mendica (Cresson, 1878) 1 June-August 
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Table 3 continued 
 
Bee species No. individuals Activity period 
Megachile montivaga (Cresson, 1878) 3 May-August 
Megachile relativa (Cresson, 1878) 1 June-August 
Melissodes agilis (Cresson, 1878) 2 July-August 
Melissodes bimaculata (Lepeletier, 1825) 3 June-August 
Melissodes boltoniae (Robertson, 1905) 5 August 
Melissodes communis (Cresson, 1878) 1 June-August 
Melissodes druriellus (Kirby, 1802) 3 June-August 
Melissodes trinodis (Robertson, 1901) 2 June-August 
Nomada erigeronis (Robertson, 1897) 1 June 
Nomada parva (Robertson, 1900) 3 May 
Pseudopanurgus albitarsis (Cresson, 1872) 2 June-August 
Sphecodes clematidis (Robertson, 1897) 1 June-August 
Sphecodes sp. (Latreille, 1804) 1 May-August 
Stelis lateralis (Cresson, 1864) 1 May-June 
Svastra obliqua (Say, 1837) 2 June-August 
Triepeolus donatus (Smith, 1854) 1 August 
Triepeolus lunatus (Say, 1824) 1 July-August 
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Figures 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:  (a) Bee species (left) and the floral species (right) collected by each bee 
species; (b) Bee species (left) and the pollen species (right) from which they were 
collected.  The width of each line represents the number of times each interaction was 
recorded with dark lines representing an interaction recorded five or more times.  The 
size of the box for each species (bee, forb, or pollen) represents the number of times each 
species was observed (bipartite package, Dormann, 2011).
a. b. 
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Figure 2:  (a) Activity periods of bee species from which pollen was identified, and (b) blooming periods of floral species 
observed in vegetation surveys
a. 
b. 
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CHAPTER 4.  GENERAL CONCLUSIONS 
 
Summary 
 The vast majority of land in Iowa has been converted to intensive agricultural 
production, and as this conversion has taken place there has been a drastic decline in 
natural habitat (Smith, 1998).  A strategy designed by the USDA NRCS to implement 
wildlife habitat in such an altered landscape while simultaneously providing soil and 
water quality benefits is the incorporation of contour buffer and/or filter strips into 
agricultural fields (USDA NRCS, 2011).  The plant community in these strips is highly 
variable, ranging from only one non-native grass species to highly diverse native tallgrass 
prairie plantings, with seed mixes typically selected by the landowner.  Several studies 
have addressed the degree to which strips act as habitat for various taxa, such as birds 
(Schulte et al., 2016) and mammal predators (Phillips et al., 2004), but few have 
examined the bee community supported by strips (Moorhouse, 2016).  In this study, we 
evaluated contour buffer and filter strips composed of a variety of plant diversities as well 
as the availability of undisturbed bare soil as potential habitat resources for native bees.  
Furthermore, we explored the interactions between native bee species and their floral 
hosts with the intention of being able to provide management recommendations as to 
which floral species should be included in contour buffer and filter strip seed mixes 
designed for pollinators. 
 First, we showed that strips of greater floral diversity support a more diverse bee 
community.  More specifically, we found three of the four relationships evaluated 
comparing floral diversity and bee diversity to be statistically significant (bee abundance 
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~ floral abundance (p = 0.012); bee abundance ~ floral species richness (p = 0.142); bee 
species richness ~ floral abundance (p < 0.001); and bee species richness ~ floral species 
richness (p < 0.001).  These results support our predictions that (1) bee abundance would 
increase with increasing floral coverage and (2) greater floral species richness would 
result in greater bee species richness.  A study evaluating wildflower plantings adjacent 
to crop fields discovered similar results, finding that native bee and syrphid fly 
abundance increased in fields near floral plantings (Blaauw and Isaacs, 2014).  Our 
results also support the findings of Morandin and Kremen (2013) who compared field 
edges restored with native plants to unrestored field edges and found increased diversities 
of both native bees and syrphid flies in the restorations. 
 Next, we identified undisturbed bare soil availability as a limiting factor in 
ground-nesting bee habitat (Cane, 1991).  During the first two years of the study (2014 
and 2015), we discovered a significant relationship between bee abundance and bare 
ground availability within the strips (p = 0.037), prompting us to explore this association 
further (Moorhouse, 2016).  In 2016, we established two 50-m2 plots of undisturbed bare 
soil within bee flight distance of each study strip and evaluated the effects on bee 
community abundance and richness as well as the usage of these plots by ground-nesting 
bees in 2017 and 2018.  The significance of the model relating bare ground availability 
within the strips and bee abundance diminished after 2016 (p = 0.091), indicating that the 
experimentally installed bare ground plots may have decreased bee reliance on bare 
ground within the strips.  In 2017 and 2018, we collected 330 individual bees 
representing 30 species from the bare soil plots.  Most were the more common ground-
nesting species, but one species – Calliopsis andreniformis Smith – was abundant in the 
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bare soil plots while being rarely collected with any other collection method throughout 
the study.  Furthermore, the cleptoparasite of C. andreniformis, Holcopasites calliopsidis 
Linsley, was collected only once outside of the bare soil plots. In addition to the 
provision of diverse floral resources, our findings suggest that providing areas of 
undisturbed bare soil near agricultural fields can offer another scarce yet essential native 
bee habitat component. 
 Finally, we evaluated the interactions between individual bees collected from 
flowers within the strips and the pollen species identified adhering to each individual.  
We used these interactions to inform which species should be included in seed mixes 
intended for pollinator habitat.  The nine floral species recommended for the target seed 
mix are:  Asclepias syriaca L., Erigeron annuus L., Heliopsis helianthoides L., Monarda 
fistulosa L., Ratibida pinnata Ventenat, Rudbeckia hirta L., Silphium perfoliatum L., and 
Solidago canadensis L.  We suggest these species be included in pollinator habitat seed 
mixes as they supported the greatest number of bee species in our study. 
 Ultimately, this study speaks to the importance of increasing habitat quality and 
availability for native bees.  Incorporating narrow strips of vegetation within rowcropped 
fields, either as contour buffer and/or filter strips, imparts myriad benefits for soil and 
water quality (Zhou et al., 2010; Helmers et al., 2012) while simultaneously increasing 
habitat availability for wildlife.  Areas utilizing intensive agricultural practices, such as in 
Iowa, can benefit from increased floral and faunal biodiversity as well as increased 
pollination services (Blaauw and Isaacs, 2014).  Additionally, strips with high floral 
diversity were shown to support a more abundant and speciose bee community, thus 
enhancing biodiversity.  Here we provided three strategies for improving native bee 
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habitat in highly disturbed landscapes:  implementing florally diverse contour buffer 
and/or filter strips, establishing areas of undisturbed bare soil, and utilizing plant-bee 
interactions to select floral species for seed mixes intended to support more diverse bee 
community. We encourage land owners, managers, and cooperators to implement these 
strategies in their agricultural practices. 
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